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Abstract

Aims Pulmonary congestion during exercise assessed by lung ultrasound predicts negative outcome in patients with heart
failure with preserved ejection fraction (HFpEF). We aimed at assessing predictors of exercise-induced pulmonary B-lines in
HFpEF patients.
Methods and results Eighty-one I–II NYHA class HFpEF patients (65.0 ± 8.2 y/o, 56.8% females) underwent standard and
strain echocardiography, lung ultrasound, and natriuretic peptide assessment during supine exercise echocardiography
(baseline and peak exercise). Peak values and their changes were compared in subgroups according to exercise lung
congestion grading (peak B-lines >10 or ≤10). Exercise elicited significant changes for all echocardiographic parameters in
both subgroups [39/81 (48.1%) with peak B-lines >10; 42/81 (51.9%) with B-lines ≤10]. Peak values and changes of E-wave
(and its derived indices) were significantly higher in patients with >10 peak B-lines compared with those with ≤10 B-line
(all P-values <0.03), showing significant correlation with peak B-lines for all parameters; concomitantly, global longitudinal
strain (GLS) and global strain rate (GSR) during systole (GSRs), early (GSRe) and late (GSRa) diastole, and isovolumic relaxation
(GSRivr) were reduced in patients with B-lines >10 (all P-values <0.05), showing a negative correlation with peak B-lines. By
adjusted linear regression analysis, peak and change diastolic parameters (E-wave, E/e0, GSRivr, and E/GSRivr) and peak GLS
were individually significantly associated with peak B-lines. By covariate-adjusted multivariable model, E/e0 and GSRa at
peak exercise were retained as independent predictors of peak B-lines, with substantial goodness of fit of model (adjusted
R2 0.776).
Conclusions In HFpEF, development of pulmonary congestion upon exercise is mostly concomitant with exercise-induced
worsening of diastolic function.
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Introduction

Dyspnoea on exertion is the cardinal symptom reported by
patients with heart failure (HF) with preserved ejection
fraction (HFpEF),1 and rise in extravascular lung water
(EVLW) during exercise contributes to symptom occurrence.2

Pulmonary congestion is linked to different haemodynamic
derangements [elevation in cardiac filling pressures and also
higher right atrial (RA) pressures due to impaired right
ventricular (RV)–pulmonary artery coupling] as demonstrated
in HFpEF patients undergoing invasive haemodynamic testing
during submaximal exercise2; additionally, a significant
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systolic reserve limitation upon exertion (reduced cardiac
output/stroke volume) is coupled with elevation of cardiac
filling pressures.3–5

Stress echocardiography allows assessment of symptoms
and dynamic changes of estimated left ventricular (LV) filling
pressures during exercise (viz. E/e0 ratio),6 and it has been
recently incorporated into the European consensus recom-
mendation for diagnosis of HFpEF.7

Lung ultrasonography (LUS) provides a reliable
semi-quantitative evaluation of EVLW in HF patients in differ-
ent settings.8–14 Coupled with submaximal exercise stress
echocardiography, LUS allows to monitor pulmonary conges-
tion development in HFpEF, which occurs together with
dynamic changes of E/e0 and natriuretic peptides.15 We
recently demonstrated that exercise-induced pulmonary
congestion as assessed by LUS is an independent predictor
of outcomes in patients with HFpEF, and it might allow to
further refine risk stratification of these patients on top of
well-established prognosticators; B-lines>10 (both as change
from rest and as peak value) appeared as the best risk
stratifier.16 Yet changes in cardiac function in patients devel-
oping pulmonary congestion on exertion have been scarcely
studied.

This study aims at investigating echocardiographic predic-
tors of developed pulmonary congestion as assessed by LUS
during exercise stress echocardiography in HFpEF patients.

Methods

Participants

Detailed methodology for clinical examination and echocar-
diographic and statistical methods are reported in the
Supporting Information. Consecutive HFpEF outpatients re-
ferred to the Cardiology Clinic of the Niška Banja Institute
(1 June 2016–1 November 2018) were prospectively enrolled.
This cohort expands findings coming from a previous study,
which included 61 HFpEF patients and 19 controls.15,16 Partic-
ipants, diagnosed according to the European HF guidelines,17

were haemodynamically stable; exercise stress echocardiog-
raphy was performed >8 weeks after any previous HF
hospitalization. Given the limitations of natriuretic peptide
diagnostic thresholds in diagnosing HFpEF,18 patients having
BNP concentrations lower than the 35 pg/mL cut-off pro-
posed by the European HF guidelines17 were included if they
had a previous HF hospitalization. Inclusion criteria were as
follows: (i) ability to perform bicycle exercise stress echocar-
diography, (ii) sinus rhythm, (iii) good echocardiographic
window, and (iv) no pulmonary fibrosis or other pulmonary
diseases potentially hampering image acquisition (pleural
effusion, severe emphysema, previous pneumectomy or
lobectomy, pulmonary cancer, or metastases).

The final cohort (N = 81) was extracted from the whole
population, which was made up of 92 HFpEF patients. Of
these, 11 patients did not satisfy the inclusion criteria, seven
patients had atrial fibrillation and four patients had severe
pulmonary diseases limiting image acquisition. The study
was approved by the local ethics committee and managed
in accordance with Good Clinical Practice and the Declaration
of Helsinki. All patients provided written informed consent.
The outcome of interest, a composite of cardiovascular death
or HF hospitalization, was ascertained by chart review, insti-
tution’s electronic medical records, and telephone contact
at 1 year. There were no missing data with respect to the
study endpoint.

Submaximal exercise stress echocardiography
protocol

After clinical examination, resting echocardiography and
LUS were performed (see the succeeding text); patients
underwent submaximal exercise stress echocardiography
(supine, slightly tilted on their left side) on a tilting table
using a cycle ergometer, as proposed by Cardiff-MEDIA proto-
col (slightly modified to provide a suitable acquisition period
to perform both echocardiography and LUS).19–21 Submaxi-
mal exercise stress echocardiography has a good feasibility,
allowing image acquisition throughout exercise.21,22 Exercise
started at an initial 15 W workload, with 5 W increments ev-
ery minute and maintaining a pedalling rate of 55–65 r.p.m.
Once heart rate >100 b.p.m. was reached, workload was
kept constant for ∼5–6 min while echocardiography, LUS
imaging, and blood sampling for natriuretic peptides assess-
ment were performed; subsequently, a 10 min recovery
phase started. Echocardiography and lung ultrasonography
were performed (i) at rest; (ii) during exercise, that is, at
the heart rate of >100 b.p.m, or whenever symptoms
developed (whichever first); and (iii) during the last 5 min
of recovery; electrocardiogram and blood pressure (BP)
were continuously monitored and recorded every 2 min
throughout the test. For echocardiographic images, at least
three consecutive beats were acquired. Exercise testing was
interrupted in the event of typical chest pain, constraining
breathlessness, dizziness, muscular exhaustion, >10 mmHg
drop in systolic BP or severe hypertension (systolic
BP ≥ 250 mmHg), development of significant ventricular
arrhythmias, or ST depression.

Two-dimensional tissue Doppler
echocardiography and lung ultrasonography

Patients underwent detailed echocardiographic examination
(Esaote-MyLab Alpha eHD Crystalline Series 7400) using a
1–4 MHz phased-array probe, and lung ultrasonography at
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rest and at the maximal workload sustained during exercise
(see the Supporting Information for expanded methods).
Early filling (E) and atrial (A) peak velocities, and deceleration
time of early filling, were measured from transmitral flow.
Septal and lateral peak mitral annular early diastolic velocity
(e0) were acquired and averaged, by real-time pulse-wave
tissue Doppler method.23 LV filling pressures were then esti-
mated by E/e0 ratio.23 Tricuspid annular peak systolic
excursion (TAPSE) was assessed using M-mode echocardiog-
raphy. Estimation of pulmonary artery systolic pressure
(PASP) was performed using the Bernoulli formula
according to tricuspid regurgitation velocity (TRV),23 as sug-
gested by current recommendations on diastolic stress
echocardiography.21 Assessment of right atrial pressure via
vena cava measurements was not performed as it could be
challenging during exercise. Three cardiac cycles were ob-
tained from the standard apical long-axis view and
four-chamber and two-chamber views. Myocardial longitudi-
nal strain analysis was performed by vector velocity imaging
(VVI) using offline software XStrain™. Strain analysis provides
accurate estimates of longitudinal deformation.24–26 VVI
quantifies myocardial motion from bi-dimensional clips by
automatically tracking operator-defined endocardial and epi-
cardial contours to delineate inward and outward myocardial
motion. Longitudinal strain parameters were recorded after
confirmation of best wall motion tracking (by operator visual
assessment).27 Then, from LV longitudinal systolic and
diastolic strain rate curves for three views, we derived global
strain rate (GSR) during systole (GSRs), early diastole (GSRe),
late diastole (GSRa), and isovolumic relaxation period
(GSRivr). Global values of strain and strain rate were
obtained by averaging the segmental strain values (six
segments in each of the three apical views, for a total of
18 segments). We also obtained other two diastolic parame-
ters dividing E-wave by selected strain parameters: (i)
E/GSRe and (ii) E/GSRivr. We report more negative global
longitudinal strain (GLS) and GSR values as ‘higher’ (defying
mathematical logic) because more negative values represent
increased myocardial contraction.

Lung ultrasound examinations were performed by the
28-scanning point method28 immediately after echocardio-
gram. Scanning sites with missing B-line data (e.g. due to
minimal pleural effusions or difficulty in detecting pleural
sliding) were judged as ‘zero B-lines’.

Echocardiographic images were recorded and analysed
offline. The number of B-lines was assessed in real time; ad-
ditionally, B-line clips were recorded in order to allow offline
analysis. The sum of B-lines recorded in each of the 28 scan-
ning points yields a score (ranging from 0 to 280) denoting
the extent of extravascular fluid in the lung.29 All exams
were performed by a single operator (D. S.), blinded to
patients’ data and who did not take part in their clinical
management. Typically, 3 min, or less, was necessary to
perform echocardiographic acquisitions at peak exercise

(focused on cardiac volumes, PASP, and E/e0 ratio) or LUS
(overall, about 5–6 min for both techniques). Intra-observer
and inter-observer variability for strain and strain rate param-
eters was assessed in 20 randomly selected patients
(Supporting Information, Table S1). Reliability was excellent,
with all coefficients >0.90.

Laboratory examinations

Immediately before exercise stress echocardiography, periph-
eral venous blood samples were obtained to determine blood
count, sodium, potassium, creatinine (and estimated glomer-
ular filtration rate by modification of diet in renal disease),
and BNP; an additional blood sample for BNP was obtained
at peak exercise (during echocardiographic image acquisi-
tion), just before recovery.30 BNP concentrations were
assessed by Alere™ Triage® BNP MeterPro Assay (Alere San
Diego Inc., San Diego, CA, USA).

Statistical methods

Continuous variables are expressed as mean ± standard de-
viation, or median and inter-quartile range, as appropriate;
categorical variables are presented as counts and percent-
ages. Distribution of variables was visually checked. Differ-
ences in baseline characteristics (demographic, clinical, and
echocardiographic at rest) and echocardiographic measure-
ments (standard and strain) during exercise (peak exercise,
and absolute and per cent change from rest to peak exer-
cise) were assessed according to peak B-lines >10, a
cut-off with a well-known prognostic value in HFpEF,16 and
in other setting31; furthermore, this reference value approx-
imately corresponds to median and average peak value in
our total cohort. Between-group (peak B-line ≤10 vs. peak
B-line >10) differences were assessed by unpaired t-test or
Mann–Whitney test for continuous variables, and χ2 test
or Fisher’s exact test for categorical variables, as appropri-
ate. Within-group measurements at rest vs. peak exercise
were compared by paired t-test or Wilcoxon signed-rank
test, as appropriate. The relationship between peak B-line
and standard and strain echocardiographic measurements
was assessed by Spearman’s correlation coefficient (rs) anal-
ysis. Multiple linear regression analysis after adjustment for
potential confounders was performed, the dependent vari-
able being peak B-lines and the independent variables being
standard and strain echocardiographic measurements. Each
echocardiographic parameter (at peak exercise, and absolute
and relative changes) was separately assessed to avoid
multicollinearity issues. The model used for adjustment in
all multivariable analyses included age, sex, coronary
artery disease, diabetes, LV mass index, left atrial volume in-
dex, and BNP at peak exercise. Additionally, independent

5070 D. Simonovic et al.

ESC Heart Failure 2021; 8: 5068–5080
DOI: 10.1002/ehf2.13575



predictors of peak B-lines among clinical and echocardio-
graphic parameters were assessed using multiple linear re-
gression with backward elimination method. Variables
identified by previous univariate analysis (with a P-value
<0.05) were retained for the final model, along with sex
difference and age. Independent predictive value of (i) rest,
(ii) peak, and (iii) absolute changes of selected echocardio-
graphic parameters (average E/e0, GLS, and all GSR parame-
ters) were assessed in separate models, containing all the
previously mentioned echocardiographic parameters and
other significant baseline predictors by univariate analysis.
Tolerance and variance inflation factor were used to check
for multicollinearity. Coefficient of multiple determination
adjusted for the number of predictors in the model
(adjusted R2) was assessed for each model. A P-value
<0.05 was considered significant. Statistical analyses were
performed using SPSS package Version 25.0 (Chicago, IL,
USA).

Results

Clinical and resting echocardiographic
characteristics

Main clinical and resting echocardiographic characteristics of
the 81 patients enrolled are showed in Tables 1 and 2. In the
whole population, 43.2% of patients were male, mean age
was 65.0 ± 8.2 years, and median LV ejection fraction (LVEF)
was 57.2% (inter-quartile range 53.0–62.79). Grouped by ex-
ercise LUS findings [39/81 (48.1%) with peak B-lines >10;
42/81 (51.9%) with peak B-lines ≤10], patients with peak
B-lines >10 were more likely to have coronary artery disease
(CAD) or to be on statin, and less likely to have diabetes, com-
pared with patients with B-lines ≤10, and higher BNP levels
(rest, peak, and absolute difference) (Table 1). LV mass index,
left atrial volume index, and wall thicknesses were signifi-
cantly higher in patients with B-lines >10; on the other hand,

Table 1 Baseline demographic and clinical characteristics (whole cohort and according to B-line peak >10 or ≤10)

HFpEF
(N = 81, 100%)

B-lines ≤10
(N = 42, 51.9%)

B-lines >10
(N = 39, 48.1%) P-value

Demographics
Male, n (%) 35 (43.2%) 18 (42.9%) 17 (43.6%) 0.947
Age (years), mean (±SD) 65.0 ± 8.2 63.9 ± 8.5 66.2 ± 7.8 0.209
BMI (kg/m2), mean (±SD) 29.2 ± 3.6 29.5 ± 3.8 28.8 ± 3.4 0.388

Medical history
Hypertension, n (%) 81 (100%) 42 (100%) 39 (100%) NA
Diabetes, n (%) 28 (34.6%) 20 (47.6%) 8 (20.5%) 0.01
Dyslipidaemia, n (%) 79 (97.5%) 42 (100.0%) 37 (94.9%) 0.137
Coronary artery disease, n (%) 25 (30.9%) 7 (16.7%) 18 (46.2%) 0.004
Current smoking, n (%) 24 (29.6%) 10 (23.8%) 14 (35.9%) 0.234
COPD, n (%) 3 (3.7%) 2 (4.8%) 1 (2.6%) 0.601
Previous HHF, n (%) 70 (86.4%) 35 (83.3%) 35 (89.7%) 0.400
Previous AF episode, n (%) 14 (17.3%) 5 (11.9%) 9 (23.1%) 0.184
NYHA class >1 19 (23.5%) 11 (26.2%) 8 (20.5%) 0.547

Therapy
ACE-i or ARB, n (%) 76 (93.8%) 41 (97.6%) 35 (89.7%) 0.141
Beta-blocker, n (%) 81 (100.0%) 42 (100.0%) 39 (100.0%) NA
Statin, n (%) 77 (95.1%) 38 (90.5%) 39 (100.0%) 0.048
Diuretics, n (%) 70 (86.4%) 36 (85.7%) 34 (87.2%) 0.847
Nitrates, n (%) 16 (19.8%) 7 (16.7%) 9 (23.1%) 0.469
Aldosterone antagonist, n (%) 14 (17.3%) 4 (9.5%) 10 (25.6%) 0.055

Physical examination—ECG
Systolic BP, rest (mmHg), mean (±SD) 125.2 ± 8.3 124.0 ± 8.3 126.5 ± 8.3 0.173
Systolic BP, peak (mmHg), mean (±SD) 147.0 ± 9.6 147.6 ± 10.7 146.3 ± 8.2 0.556
Diastolic BP, rest (mmHg), mean (±SD) 75.0 ± 7.1 74.7 ± 6.7 75.4 ± 7.5 0.695
Diastolic BP, peak (mmHg), mean (±SD) 79.3 ± 6.0 80.5 ± 6.1 78.1 ± 5.7 0.066
Heart rate, rest (b.p.m.), mean (±SD) 64.4 ± 8.5 65.2 ± 7.1 63.6 ± 9.9 0.417
Heart rate, peak (b.p.m.), mean (±SD) 104.0 ± 6.3 103.8 ± 5.0 104.0 ± 7.5 0.865

Laboratory
Haemoglobin (g/dL), mean (±SD) 13.3 ± 1.4 13.6 ± 1.9 13.0 ± 15.4 0.079
Creatinine (mg/dL), mean (±SD) 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.3 0.652
Clearance creatinine (mL/min/1.73), mean (±SD) 79.0 ± 21.0 81.8 ± 20.6 75.0 ± 21.0 0.148
BNP rest (pg/mL), mean (±SD) 49.3 ± 41.7 29.3 ± 23.9 70.7 ± 47.1 <0.0001
BNP peak (pg/mL), mean (±SD) 86.0 ± 62.4 50.8 ± 28.2 124.0 ± 67.1 <0.0001
BNP change (pg/mL), mean (±SD) 36.8 ± 32.3 21.4 ± 15.8 53.2 ± 37.2 <0.0001
BNP change (%) 123.2 ± 168.1 133.7 ± 208.5 111.8 ± 111.2 0.562

ACE-i, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; BMI, body mass index; BNP,
B-type natriuretic peptide; BP, blood pressure; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; HFpEF, heart failure
with preserved ejection fraction; HHF, heart failure hospitalization; NYHA, New York Heart Association; SD, standard deviation.
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average e0 and all resting strain and strain rate parameters
(except GSRa) were lower in that subgroup compared with
B-lines ≤10 (Table 2).

B-line reading was interpretable in all patients. At rest, no
B-line was present in 15 patients (18.5%). Median rest B-lines
were 2 (inter-quartile range 1–4), and patients with peak
B-lines >10 displayed higher rest B-lines (Table 2). Overall,
exercise test lasted 6.3 ± 1.6 min, and mean achieved work-
load was 41.0 ± 8.4 W, with no significant difference between
peak B-line subgroups. All patients were able to complete the
exercise protocol. Changes of systolic and diastolic BP and
heart rate upon exercise were significant in whole cohort
and in both subgroups (P < 0.0001 for all); there were no dif-
ference with respect to rest and peak values of BP and heart
rate between both subgroups (Table 1).

Dynamic changes of standard and strain
echocardiographic characteristics

Rest and peak values of standard and strain echocardio-
graphic parameters are shown in Supporting Information,
Tables S2 and S3. All echocardiographic parameters (except
A-wave, and GSRe in patients with B-line >10) significantly
increased upon exercise in the whole cohort, as well as when
patients were subgrouped according to peak B-lines (all
P-values <0.002). Peak values (as their absolute and relative
changes) of E-wave and its derived indices (E/A, average E/e0,

and all derived strain rate ratios) were significantly higher in
patients with peak B-lines >10 as opposed to those with
peak B-lines ≤10; likewise, the opposite was observed for
systolic and diastolic strain rate parameters (Supporting
Information, Tables S2 and S3).

Relationship between B-lines and
echocardiographic parameters

Correlation analysis results are displayed in Table 3, showing
the relationship between each echocardiographic parameter
and peak B-lines. Overall, peak and change values of E-wave,
average E/e0, GLS, GSRs, GSRe, GSRivr, E/GSRe, and E/GSRivr
showed moderate strength in terms of correlation coeffi-
cients, which were statistically significant (all P-values
<0.03). Correlation coefficients were weak but also statisti-
cally significant for E/A, GSRa (change values), and average
e0 (peak value); other echocardiographic parameters (includ-
ing LVEF) showed weak, non-significant correlation. Among
significant parameters, E-wave, its derived indices (i.e. E/A,
average E/e0, E/GSRe, and E/GSRivr), and peak and absolute
change of GLS showed positive correlation coefficients; corre-
lation coefficients were negative for all strain rate parameters
and relative change of GLS (Table 3). Figure 1 shows dot plot
graph for peak and relative change values for two of the most
representative parameters of systolic and diastolic function
(GLS and average E/e0, Panels A and B, respectively).

Table 2 Standard and strain echocardiographic measurements at rest (whole cohort and according to B-line peak >10 or ≤10)

HFpEF
(N = 81, 100%)

B-lines ≤10
(N = 42, 51.9%)

B-lines >10
(N = 39, 48.1%) P-value

Diastolic interventricular septum (mm), mean (±SD) 13.8 ± 1.6 13.2 ± 1.2 14.5 ± 1.7 <0.0001
Posterior wall thickness (mm), mean (±SD) 11.6 ± 1.3 11.0 ± 1.1 12.2 ± 1.2 <0.0001
LV diastolic diameter (mm), mean (±SD) 50.1 ± 4.4 50.6 ± 3.8 49.6 ± 5.0 0.302
Relative wall thickness, mean (±SD) 0.47 ± .0.1 0.44 ± 0.1 0.50 ± 0.1 <0.0001
LV mass index (g/m2), mean (±SD) 133.0 ± 28.5 122.1 ± 19.9 144.8 ± 31.8 <0.0001
LV EDV (mL/m2), mean (±SD) 44.0 ± 8.9 43.9 ± 9.5 44.2 ± 8.3 0.847
LV ejection fraction (%), median (IQR) 57.2 (53.0–62.7) 54.6 (51.0–61.1) 57.2 (54.0–63.3) 0.208
Left atrial volume index (mL/m2), mean (±SD) 29.2 ± 7.8 27.2 ± 7.6 30.2 ± 7.1 0.013
E-wave (cm/s), mean (±SD) 56.2 ± 13.9 57.5 ± 15.1 54.7 ± 12.4 0.367
A-wave (cm/s), mean (±SD) 86.9 ± 18.8 86.0 ± 17.8 87.8 ± 19.9 0.670
E/A, mean (±SD) 0.68 ± 0.4 0.68 ± 0.2 0.69 ± 0.5 0.847
Average e0, median (IQR) 7.7 ± 2.1 8.3 ± 2.4 7.1 ± 1.4 0.009
Average E/e0, median (IQR) 7.8 ± 2.3 7.6 ± 2.5 8.0 ± 1.9 0.438
TAPSE (mm), mean (±SD) 22.2 ± 2.6 22.3 ± 2.4 22.0 ± 2.4 0.262
s0 (cm/s), median (IQR) 13.0 (12.0–16.0) 13.5 (12.0–15.3) 13.0 (12.0–18.0) 0.687
TR max velocity—rest (m/s), median (±IQR) 1.8 ± 0.5 1.7 ± 0.5 1.9 ± 0.6 0.308
GLS (%), mean (±SD) �16.8 ± 1.1 �17.2 ± 1.1 �16.3 ± 0.9 <0.0001
GSRs (1/s), median (IQR) 0.82 (0.76–0.85) 0.83 (0.80–0.85) 0.81 (0.74–0.84) 0.015
GSRe (1/s), mean (±SD) 0.94 ± 0.1 0.97 ± 0.1 0.91 ± 0.1 0.016
GSRa (1/s), mean (±SD) 0.69 ± 0.1 0.69 ± 0.1 0.69 ± 0.1 0.901
GSRivr (1/s), mean (±SD) 0.43 ± 0.1 0.45 ± 0.1 0.40 ± 0.1 0.002
E-wave/GSRe, mean (±SD) 60.9 ± 17.6 60.0 ± 16.8 61.8 ± 18.5 0.662
E-wave/GSRivr, mean (±SD) 137.6 ± 48.5 129.2 ± 36.1 146.6 ± 58.2 0.107
Rest B-lines, median (IQR) 2 (1–4) 1.5 (0–3) 3 (2–4) <0.0001

EDV, end-diastolic volume; GLS, global longitudinal strain; GSRa, global strain rate during late diastole; GSRe, global strain rate during
early diastole; GSRivr, global strain rate during the isovolumic relaxation; GSRs, systolic global strain rate; HFpEF, heart failure with pre-
served ejection fraction; IQR, inter-quartile range; LV, left ventricular; SD, standard deviation; TAPSE, tricuspid annular plane systolic ex-
cursion; TR, tricuspid regurgitation.
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Overall, by adjusted multiple regression analyses, diastolic
parameters showed higher association with peak B-lines
(Table 3). Specifically, GSRivr, E-wave and some of its derived
indices (i.e. E/e0 and E/GSRivr), and peak average e0 persisted
as significant predictors after model adjustment (all P-values
<0.045). Among systolic parameters, peak GLS was signifi-
cantly associated with peak B-lines (Table 3). No significant
associations were found for LVEF.

Figure 2 visually illustrates the interplay of systolic and dia-
stolic function upon exercise in determining peak B-lines. For
each tertile of GLS, increasing tertiles of average E/e0 were
associated with increasing average peak B-lines; the same
was observed with increasing GLS tertiles when considering
each tertile of average E/e0. There was no significant interac-
tion between the two variables (P for interaction = 0.846).

Independent predictors of exercise B-lines

Among baseline parameters, history of CAD, diabetes, use of
statin, and aldosterone antagonist, rest BNP, rest B-lines, and
LV mass index were significantly associated with peak B-lines
by univariable analysis (all P-values<0.03) (Table 4). We then
built a model including the previously mentioned parameters,
age, gender, and resting values of standard and strain param-
eters. According to the result of multivariable analysis, pa-
tients who developed pulmonary congestion upon exercise
were characterized by high values of rest BNP, rest B-lines,
or LV mass index, with no history of diabetes but with CAD,
and by high values of average E/e0 and lower values of GSRivr
(all P-values <0.05). The adjusted R2 of this model was equal
to 0.701.

Table 3 Correlation analysis and adjusted multiple regression analysis between different echocardiographic parameters (peak, change,
and per cent change from baseline) and peak B-lines

Correlation analysis Adjusted multiple regression analysis

Spearman rho P-value Beta coefficient (standard error) P-values

E-wave (cm/s) 0.47 <0.0001 0.036 (0.013) 0.009
△E-wave (cm/s) 0.48 <0.0001 0.040 (0.014) 0.006
(%)△E-wave 0.37 0.001 0.013 (0.006) 0.034
E/A 0.22 0.045 0.509 (0.895) 0.571
△E/A 0.32 0.004 1.253 (0.726) 0.089
(%)△E/A 0.36 0.001 0.011 (0.006) 0.064
Average e0 �0.23 0.038 �0.406 (0.138) 0.004
△average e0 0.01 0.918 0.122 (0.302) 0.689
(%)△average e0 0.10 0.412 0.026 (0.020) 0.203
Average E/e0 0.54 <0.0001 0.309 (0.086) 0.001
△average E/e0 0.41 <0.0001 0.272 (0.109) 0.015
(%)△average E/e0 0.25 0.023 0.013 (0.007) 0.042
LV ejection fraction (%) (IQR) �0.04 0.737 �0.027 (0.041) 0.521
△LV ejection fraction (%), median (IQR) �0.13 0.256 �0.018 (0.080) 0.824
(%)△LV ejection fraction, median (IQR) �0.13 0.253 �0.011 (0.042) 0.792
GLS (%)a 0.47 <0.0001 0.544 (0.249) 0.032
△GLS (%) 0.42 <0.0001 0.497 (0.560) 0.377
(%)△GLS �0.39 <0.0001 �0.068 (0.096) 0.482
GSRs (1/s) �0.38 <0.0001 �1.684 (2.902) 0.563
△GSRs (1/s) �0.41 <0.0001 �6.319 (4.742 0.187
(%)△GSRs (1/s) �0.44 <0.0001 �0.061 (0.041) 0.141
GSRe (1/s) �0.35 0.002 �1.054 (1.270) 0.409
△GSRe (1/s) �0.49 <0.0001 �0.451 (1.413) 0.751
(%)△GSRe �0.50 <0.0001 �0.004 (0.014) 0.763
GSRa (1/s) �0.18 0.107 �1.167 (3.615) 0.748
△GSRa (1/s) �0.31 0.006 �8.745 (5.936) 0.145
(%)△GSRa �0.31 0.005 �0.069 (0.042) 0.106
GSRivr (1/s) �0.43 <0.0001 �9.080 (3.663) 0.016
△GSRivr (1/s) �0.39 <0.0001 �21.526 (7.753) 0.007
(%)△GSRivr �0.30 0.007 �0.079 (0.035) 0.026
E-wave/GSRe (1/s) 0.56 <0.0001 0.002 (0.002) 0.485
△E-wave/GSRe (1/s) 0.55 <0.0001 0.001 (0.002) 0.534
(%)△E-wave/GSRe (%) 0.42 <0.0001 0.001 (0.001) 0.641
E-wave/GSRivr (1/s) 0.57 <0.0001 0.012 (0.004) 0.003
△E-wave/GSRivr (1/s) 0.56 <0.0001 0.017 (0.005) 0.001
(%)△E-wave/GSRivr (1/s) 0.42 <0.0001 0.018 (0.007) 0.007
Rest B-lines 0.47 <0.0001 0.282 (0.228) 0.221

BNP, B-type natriuretic peptide; CAD, coronary artery disease; GLS, global longitudinal strain; GSRa, global strain rate during late diastole;
GSRe, global strain rate during early diastole; GSRivr, global strain rate during the isovolumic relaxation; GSRs, systolic global strain rate;
IQR, inter-quartile range; LV, left ventricular.
Model for adjustment: age, gender, CAD, diabetes, left ventricular mass index, left atrial volume index, and BNP at peak exercise.
aAnalyses for GLS were performed with negative values; (%)△, per cent variation from baseline.
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We then assessed the independent predictive value of
peak standard and strain echocardiographic parameters; in
addition to diabetes, rest BNP, and rest B-lines, peak values
average E/e0 and GSRa were retained as independent predic-
tors of peak B-lines (P-values<0.04 for both parameters). Ad-
justed R2 of this model was 0.776, substantially improving the
model fit compared with the model with echocardiographic
parameters at rest. Finally, average E/e0 and GSRivr were
retained as significant predictors by multivariable analysis in-
cluding absolute changes of echocardiographic parameters,
with an adjusted R2 of 0.740. Similar results were reported
when introducing E-wave and average e0 in place of average
E/e0; namely, peak values of both parameters persisted as
independent predictors of peak B-lines along with GSRa.

Discussion

Recent invasive and echocardiographic studies4,6,15 con-
firmed that elevation in LV filling pressure during exercise is
a hallmark of HFpEF, and this haemodynamic derangement
correlates well with severity of exertional dyspnoea.4 Thus,

development of lung congestion is thought to link symptoms
to haemodynamic changes in HFpEF.3

Lung ultrasonography is a reliable and reproducible tool to
assess EVLW during exercise.3,15,16,32–34 Recently, we demon-
strated that submaximal exercise results in B-line increase in
HFpEF patients; those changes were mirrored by significant
variations in natriuretic peptides, TRV, and E/e0 and were of
greater magnitude compared with hypertensive controls.15

Namely, B-line increases in controls were present but negligi-
ble (median B-lines from 0 to 2 during exercise), and overall,
exercise B-lines were not significantly correlated with main
rest echocardiographic predictors.15

Mechanisms underpinning development of B-lines during
exercise in HFpEF are not entirely understood, evidence being
scarce, mainly deriving from HFrEF or mixed cohorts. Agricola
et al.34 described B-line kinetics during maximal exercise
echocardiography in a mixed cohort of 72 HF patients (aver-
age LVEF 41%), with LUS performed in the recovery phase:
changes in E/e0 and PASP were correlated with B-lines varia-
tions. Interestingly, in a small subset with LVEF ≥ 40%
(n = 19), which could have included HFpEF patients, change
of E/e0, but not PASP, was correlated with B-line change34; al-
though firm conclusions cannot be drawn because of the

Figure 1 Correlations of global longitudinal strain (GLS) (Panel A), and average E/e’ (Panel B) with peak B-lines (peak and percent change from
baseline).
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small sample size, that finding is in line with our results. Over-
all, we did not find significant subgroup differences (i.e. B-line
>10 vs. ≤10) for peak TRV (Supporting Information, Table S2);
additionally, correlations between peak B-lines and TRV (peak
and absolute change) were, respectively, not significant
(rs = 0.12, P = 0.29) or weak (rs = 0.31, P = 0.006).

In a cohort of 103 HFrEF patients (inclusion LVEF < 45%),
Scali et al. showed that peak B-lines were tightly correlated
with E/e0, PASP, and LVEF, with LUS performed at the end
of exercise33; thus, B-line appearance during exercise in
HFrEF seems to be related not only to increases in estimated
pulmonary or filling pressures but also to systolic dysfunction
as assessed by LVEF. However, LVEF measurement is operator
and load dependent, showing limited reproducibility.35 In or-
der to provide more reliable systolic parameters, we assessed
strain and strain rate indices of systolic function (i.e. GLS and
GSRs), which are more reproducible and less load dependent
compared with LVEF.36 In our study, patients with B-lines
>10 displayed smaller peak values or increase in both GLS
and GSRs, compared with patients with B-line ≤10
(Supporting Information, Table S3); in contrast, both sub-
groups showed similar increments of LVEF upon exercise. Ac-
cordingly, by adjusted multiple regression analysis, only peak

GLS and changes of GSRs, but not LVEF, significantly pre-
dicted exercise B-lines (Table 3). Thus, reduced contractile re-
serve seems to partially contribute to development of lung
congestion during exercise, also at submaximal workloads,
as assessed by strain and strain rate parameters, but LVEF
was not sufficiently sensitive to capture those subtle systolic
derangements.

On the other hand, although systolic and diastolic function
appear to show a certain degree of interdependence in
determining exercise B-lines (Figure 2), standard and strain
indices of diastolic function showed a tighter association
with exercise lung congestion as compared with those of sys-
tolic function (Tables 3 and 4); this is not surprisingly consid-
ering that diastolic dysfunction and increase in LV filling
pressures are the main mechanisms for the development
of extravascular lung water during exercise3 in HFpEF.
Namely, average E/e0 (and its individual components), GSRa,
and GSRivr persisted as independent predictors of exercise
B-lines by distinct multivariable analyses including peak or
change echocardiographic parameters; conversely, GLS did
not (Table 4).

Importantly, among strain parameters, we expanded
previous findings on GSRivr, which, at rest, was found to be

Figure 2 Average peak B-lines according tertiles of peak values of global longitudinal strain (GLS) and average E/e0.
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independently associated with invasively assessed LV
end-diastolic pressures in HFpEF patients.37 GSRivr also
outperformed GSRe and GSRs, which were not retained as
significant predictors of LV filling pressures, in line with our
results. Indeed, in our study, peak values of both GSRivr
and GSRe were significant predictors by univariable analysis
(Table 4); however, after model adjustment (which included
left atrial volume and BNP), GSRivr showed significant asso-
ciations with peak B-lines, while GSRe did not (Table 3).
GSRivr reflects changes occurring during isovolumic relaxa-
tion (i.e. before mitral valve opening) and therefore is
less load dependent, better reflecting intrinsic myocardial
characteristics of the LV during early LV expansion; on the
other hand, GSRe, occurring during early diastole, appears
to be mainly influenced by LV wall stress and left atrial
pressure.38

Recently, in a cohort of 61 HFpEF undergoing invasive
haemodynamic exercise testing, B-line appearance or in-
crease (as assessed in 2 points on the left third intercostal
space along the mid-axillary and mid-clavicular lines) during
submaximal exercise was related to rise in both PCWP and
RA pressure and to impairment in RV-to-pulmonary circula-
tion coupling (as assessed by respective ratios of TAPSE or
RV s0 and invasive mean pulmonary arterial pressure).2 The
association of RV function with pulmonary congestion has
also been reported in patients with worsening HF.14 In our
cohort, rest or peak values of RV s0, TAPSE, and their
respective ratios with TRV were not significantly correlated
or associated by linear regression with peak B-lines (data
not shown). Differences in terms of baseline characteristics
between the two studies are relevant; indeed, Reddy’s cohort
seems to represent a higher-risk HFpEF population compared
with our cohort, illustrated by less severe congestion
(average E/e0 ratio 8 vs. 12) and better RV systolic function
(average RV s0 13 vs. 10 cm/s; average TAPSE 22 vs.
18 mm). Also, we included patients with better functional
class (76.5% in NYHA I functional class vs. ‘lifestyle-limiting
symptoms’) and lower average body mass index (29 vs.
34 kg/m2). According to HFpEF phenotype classification pro-
posed by Shah,39 our cohort may represent ‘phenotype A’,
that is, the most frequently seen in HFpEF patients, likely
reflecting an earlier stage with few symptoms at rest, initial
diastolic dysfunction, preserved RV function, and no pulmo-
nary hypertension at rest. It might be hypothesized that dur-
ing early stage of HFpEF syndrome, RV-to-pulmonary
circulation coupling derangements are less relevant, or
contribute little, to exercise-induced lung congestion as com-
pared with their role in increasing PCWP in more advanced
disease. However, taking into account differences between
our study and that of Reddy et al. in terms of exercise
protocol (workload achieved 41 vs. 20 W), and methods of
pulmonary pressure (estimated vs. invasively measured) and
B-line assessment, a direct comparison cannot be made. In-
deed, the study of Reddy et al., although more accurate

and reliable with respect to direct pressure measurements,
provided B-line assessment obtained from only 2 scanning
points (as compared with 28 scanning points in the present
study), allowing only a qualitative evaluation (i.e. exercise
EVLW yes or not). Additionally, RA pressures were not esti-
mated in our study and thus not taken into account for PASP
estimation by TRV; this may have resulted in underestimating
non-invasive PASP. Whether differences of HFpEF phenotypes
reflect feasibility and accuracy problems—as recently
suggested6—different timings of PASP rise during exercise,
or intrinsic limitations of this parameter (TRV being an indirect
estimate of LV filling pressures), is not completely understood.

Pugliese et al. recently confirmed the prognostic value of
LUS as part of a multi-parametric score in a mixed cohort of
274 patients with HFpEF or at risk of developing HF (N = 113
with Stages A and B and N = 161 with Stage C HFpEF according
to American College of Cardiology/American Heart Associa-
tion Heart Failure Classification,40 respectively) undergoing
symptom-limited cardiopulmonary exercise testing–exercise
stress echocardiography.41 By multivariable Cox proportional
hazards models, B-line change >10 (from rest to peak) was
retained as an independent predictor of cardiovascular death
or HF hospitalization, along with peak oxygen consumption
<16 mL/kg/min, minute ventilation/carbon dioxide produc-
tion slope >36, PASP > 50 mmHg, and resting N-terminal
pro B-type natriuretic peptide >900 pg/mL.41 A weighted risk
score including those predictors (ranging from 0 to 9) accu-
rately predicted adverse events during a median follow-up
of 18.5 months. Among those predictors, B-line change >10
showed the tightest association with the combined endpoint
(hazard ratio = 7.81, 95% confidence interval 2.62–23.33,
P < 0.001); this is substantially in line with results of our pre-
vious study performed in this cohort16 (hazard ratio = 4.97,
95% confidence interval 2.08–11.90, P < 0.001), although
substantial differences in terms exercise protocol (maximal
vs. submaximal exercise stress), HFpEF population (American
College of Cardiology/American Heart Association Stages
A–C vs. I–II NYHA class HFpEF), and LUS methodology (8 scan-
ning zones vs. 28 scanning points) are present. An integrated
and more complex assessment with combined cardiopulmo-
nary exercise testing–exercise stress echocardiography can
represent a newmulti-parametric approach able to further re-
fine prognosis of HFpEF patients and to predict the progres-
sion to clinically overt HF of patients at risk for developing
this complex syndrome. These findings should be further rep-
licated in larger HFpEF cohorts to prompt the implementation
of this multimodality technique.

The present study expands our previous findings on the
prognostic value of exercise LUS,16 which was found to
represent a useful prognostic tool in different HF
phenotypes.16,32,33 We have herein demonstrated mecha-
nisms underlying B-line development during exercise, which
appears to be mostly related to diastolic function worsening
as assessed by echocardiography.
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Limitations

This is a single-centre cohort study, which may limit general-
izability of our results; unknown or unmeasured confounding
variables that were not adjusted for could have affected the
observed relationships. Patients with atrial fibrillation were
excluded because of limitations in the evaluation of diastolic
function,23 and this might limit the generalizability of our re-
sults. Detection of B-lines does not necessarily imply their
cardiogenic origin; however, we excluded patients with
pulmonary fibrosis (a disease associated with ‘dry’ B-lines);
furthermore, that phenomenon could have affected basal
B-line pattern, but it cannot explain changes in B-lines in-
duced by exercise. Additionally, real-time analysis by a single
operator may represent a potential source of bias, although it
represents the closest approach to routine clinical practice.

Conclusions

In HFpEF outpatients, diastolic echocardiographic parameters
(standard and strain) appear to be better associated with,
and partly explain, the occurrence of exercise-induced pul-
monary congestion as assessed by LUS.
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