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Abstract
Cycle ergometer stress echocardiography is an important 

technique to provides information of cardiac chambers 
dynamics and cardiovascular hemodynamics during exercise. 
This method identifies patients who present hemodynamic 
congestion during exertion, assessment of different causes 
of dyspnea, through the analysis of diastolic filling pressures 
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and pulmonary artery systolic pressure. Recently, with the 
incorporation of lung ultrasound, it was possible to add the 
pulmonary congestion parameter with the identification of 
the appearance of “B” lines during the exam, increasing the 
sensivity of the protocol.

However, Cycle ergometer stress echocardiography is still 
little used in our country. This reality is probably due, in part, 
to the need for appropriate training of the medical and nursing 
staff; in addition to the lack of knowledge of the method 
among the medical community, which rarely requests this test 
for hemodynamic assessment and research into exertional 
dyspnea. Therefore, the objective of this document is not only 
to disseminate the method, but also to describe in a practical 
and didactic way the step-by-step hemodynamic evaluation of 
the echocardiogram with physical stress on a Cycle ergometer. 
We suggest a protocol that is easy to apply and capable of 
distinguishing between the findings of patients with normal 
hemodynamics and those with an inappropriate hemodynamic 
response to physical effort. Additionally, two clinical cases are 
reported with multiple images and hemodynamic changes, 
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with a description of the correct interpretation of the findings 
to better understand the method and its diagnostic capacity.

Introduction
Among the many indications for exercise echocardiography 

in nonischemic heart disease, hemodynamic assessment has 
emerged as a fundamental part of the examination, providing 
both diagnostic and prognostic information. Currently, one 
of the primary scenarios in which exercise echocardiography 
is highly applicable is in the evaluation of heart failure with 
preserved ejection fraction (HFpEF), in which the main 
complaint is exertional dyspnea. Hemodynamic assessment is 
part of the study protocol, evaluating the presence or absence 
of signs of hemodynamic and/or pulmonary congestion during 
exercise.

Cycle ergometer stress echocardiography (CESE) has an 
advantage over treadmill stress echocardiography. CESE allows 
for real-time detection of the pathological increase in the E/e’ 
ratio, which is indicative of hemodynamic congestion, as well 
as the moment when B-lines appear on lung ultrasound (LUS), 
which is indicative of pulmonary congestion.

In the present study, we will describe the echocardiography 
findings of hemodynamic congestion, the ultrasound findings 
of pulmonary congestion, and the step-by-step process of 
hemodynamic assessment by using CESE. We also aim to 
suggest an examination protocol for the evaluation of exertional 
dyspnea using clinical cases. We will not discuss hemodynamic 
assessment in valvular heart disease.

Echocardiography evidence of hemodynamic congestion 
in CESE

Left ventricular (LV) filling pressures may be estimated from 
the ratio of the peak velocity of the E wave of mitral valve 

diastolic flow (estimated by pulsed Doppler) to the velocity 
of the e’ wave of the mitral annulus (estimated by tissue 
Doppler).1,2 During exercise, the velocities of the E and e’ waves 
typically increase proportionally with increasing transmitral 
gradient (Figure 1). In healthy hearts, despite the shortening 
of the diastolic period (because of the increase in heart rate 
during exercise), diastolic filling pressures remain unchanged 
or increase minimally. This is due to increased LV suction at 
the beginning of diastole, which allows for more efficient atrial 
emptying and an increase in stroke volume.3 Individuals with 
HFpEF have an increase in the velocity of the E wave while the 
velocity of the e’ wave remains unchanged, leading to a peak in 
the E/e’ ratio. In these patients, there is an increase in afterload 
with slowed myocardial relaxation and reduced ventricular 
suction during exercise; there is also an increase in heart rate, 
which, in the presence of a less compliant myocardium, leads 
to increased LV diastolic pressure and left atrial (LA) pressure, 
leading to increased pulmonary capillary pressure (PCP) with 
pulmonary congestion and dyspnea (Figure 2).4

Diastolic stress testing refers to the use of Doppler 
echocardiography to detect reduced LV diastolic functional 
reserve and the resulting increase in LV filling pressures 
during exercise in patients with dyspnea of unknown origin 
or subclinical diastolic dysfunction (a common finding in 
diabetic cardiomyopathy, obesity, and hypertension).5- 8 
Studies have shown Doppler echocardiography is a viable 
technique for noninvasive detection of pathologic increases 
in exercise-induced diastolic filling pressures (Table 1), 
allowing the differentiation between dyspnea of cardiac and 
noncardiac origin.4

Ultrasound signs of pulmonary congestion in CESE
LUS was introduced in intensive care units and emergency 

departments more than 20 years ago, primarily as an assessment 
tool for patients with acute dyspnea.9-11 Over the past decade, 

Figure 1 – Increase in E and e’ velocities in individuals with normal filling pressure response to exercise (source: image bank of the Dante Pazzanese Institute 
of Cardiology [IDPC]). E: mitral inflow velocity during the rapid filling phase; e’: tissue Doppler velocity during the rapid filling phase.
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Figure 2 – Algorithm of the pathophysiology of stress-induced congestion (source: personal collection of the author Assef JE). PCWP: pulmonary capillary 
wedge pressure; PA: arterial pressure; LV: left ventricle; HR: heart rate; DP: diastolic pressure; LA: left atrium.

Normal PCWP
at rest

Physical Effort

SYMPTOMS 
(chest congestion)

Increase HR

Increase PCWP

Increase LV DP

Increase LA 
pressure

Increase BP
Slowing and 
delaying LV 
relaxation

Table 1 – Studies validating stress echocardiography for evaluation of dyspnea of undetermined origin, correlating E/e’ parameter with 
invasive measures of diastolic filling pressures (adapted from Ha et al.4)

Burgess et al., 20067 Talreja et al., 20078 Obokata et al., 20179 Hong et al., 201810

Study design Prospective Prospective Prospective Prospective

Casuistry 37 12 74 21

Effort mode Cycle ergometer Cycle ergometer Cycle ergometer Cycle ergometer

Invasive measure to assess  
LV filling pressure

Mean LVEDP PCP PCP Mean LVEDP

Noninvasive parameter to assess  
LV filling pressure

Average E/e’ ratio Average E/e’ ratio Average E/e’ ratio Average E/e’ ratio

Sensitivity/Specificity 73/96 89/100 ----- ----

Correlation coefficient 0.59 ----- 0.57 0.51

LVEDP: LV end-diastolic pressure; PCP: pulmonary capillary pressure

the cardiology community has recognized the potential of LUS 
to detect pulmonary congestion and has expanded its use in 
the diagnosis and management of patients with heart failure.12

LUS is a versatile examination with high sensitivity for 
detecting pulmonary deaeration due to increased extravascular 
water in the pulmonary interstitium. Its integration with 
echocardiography allows for a comprehensive analysis, 
facilitating better management of patients with exertional 
dyspnea suspected of having heart failure.13,14

In a fully aerated lung, the pleura is the only anatomical 
structure that can be visualized, appearing as a smooth, 
hyperechoic horizontal plane moving synchronously with 
respiration. This line is called the pleural line, and its movement is 
known as lung sliding, which allows assessment of lung excursion 
during ventilation. The ultrasound pattern of a ventilated lung also 
includes horizontal, parallel, hyperechoic lines that are seen at 
regular intervals from the pleural line (A-lines, Figure 3).

As the air content in the lungs decreases and lung density 
increases, vertical reverberation artifacts (B-lines, Figure 3) 
appear. B-lines originate from the pleural line and move in 
sync with respiration, appearing as laser-like lines extending 
toward the bottom of the ultrasound image sector. These 
lines are present in patients with heart failure (cardiogenic 
pulmonary edema) and lung disease (noncardiogenic 
pulmonary edema).13 Otto and Andrioli describe in detail the 
technique for image acquisition and interpretation of LUS for 
congestion.15

By integrating LUS with stress echocardiography, a simplified 
approach can be performed by evaluating four zones by placing 
the sector transducer in the third intercostal space along the 
anterior and midaxillary lines.16;17

This simplified protocol has shown a good correlation 
between practicality and accuracy when performed at rest, at 
peak exercise, and immediately after exercise is completed.16
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In patients with HFpEF, the appearance of B-lines on 
LUS is because of pulmonary congestion and correlates with 
worsening diastolic function induced by exercise, as assessed 
by peak E/e’ ratio and reduced global strain rate values at the 
end of diastole.18 Based on an invasive hemodynamic study 
(using high-fidelity micromanometers), acute pulmonary 
congestion during exercise is because of both increased 
pulmonary capillary hydrostatic pressure and systemic venous 
hypertension, which can be assessed by the decoupling 
between right ventricular function and pulmonary artery 
(RV-PA) pressure.19 Assessment of RV-PA decoupling during 
CESE, calculated by the ratio of tricuspid annular plane 
systolic excursion (TAPSE) to peak tricuspid regurgitation 
velocity (TRV), is a parameter that can help identify the 
cause of exertional pulmonary congestion with a normal 
E/e’ ratio, likely indicating systemic venous hypertension, 
often associated with pulmonary disease. According to the 
literature, values below 0.36 mm.cm/s correlate with greater 
RV-PA uncoupling in patients with postcapillary pulmonary 
hypertension (PH)20 and values below 0.31 mm.cm/s are 
associated with greater RV-PA uncoupling in individuals 
with precapillary PH due to idiopathic and thromboembolic 
pulmonary disease.21

The appearance of B-lines on CESE, even if there is only one 
per field evaluated, should be taken seriously. The number of 
B-lines at peak exercise is directly related to rehospitalization 
and death from heart failure in patients with preserved or 
reduced ejection fraction.22

Protocol for physical stress test
The expected normal response to exercise on a treadmill 

or cycle is a two- to threefold increase in heart rate, a three- to 
fourfold increase in contractility, an increase in systolic blood 
pressure of at least 50%, and a decrease in systemic vascular 
resistance with maintenance or reduction of diastolic blood 
pressure.23 In terms of cardiac volume, there is initially an 
increase in end-diastolic volume because of the increased 
venous return, resulting in an increase in stroke volume, initially 
because of the Frank-Starling mechanism and subsequently 
because of the increased heart rate.

If the objective of the test is the hemodynamic assessment 
of filling pressures during exercise, the cycle ergometer is more 
sensitive to the increase in these pressures than the upright 
bicycle because diastolic volume and mean arterial pressure are 
greater in the supine position because of the increased venous 
return. Thus, the supine position contributes to greater wall 
stress, increased myocardial oxygen demand, and higher filling 
pressures compared to the upright bicycle test.23,24

The profile of patients undergoing hemodynamic assessment 
on the cycle ergometer is often complex and accompanied by 
multiple comorbidities. The evaluation of dyspnea includes 
various pathologies such as ischemic cardiomyopathy, 
hypertrophic cardiomyopathy, diastolic dysfunction and 
pulmonary disease. Therefore, the evaluation protocol must 
include all the necessary information for a wide variety of 
diagnoses. Figure 4 shows an example of the protocol used in 
our service. In the initial views, corresponding to the baseline 
examination, it is necessary to obtain data on increased filling 
pressures and pulmonary congestion: pulsed Doppler of 
the mitral valve to estimate the E wave velocity, septal and 
lateral tissue Doppler of the mitral annulus to estimate the 
e’ wave, continuous Doppler of the tricuspid regurgitation 
(TR) to estimate the peak velocity, LUS to assess pulmonary 
congestion, and in the final views, at least three LV views 
to analyze segmental contractility of the 17 segments and 
to study ischemia. In the central figure, we have an image 
showing the arrangement of the cycle ergometer/patient and 
the echocardiography machine as well as images with criteria 
defining hemodynamic congestion and pulmonary congestion.

Interpretation of hemodynamic data
For the correct interpretation of hemodynamic data during 

exercise, it is important to consider the workload (generated 
in watts by the calculation in the ergometry module coupled 
to the ergometer bed) and the age of the patient, since there 
is an increase in pulmonary artery systolic pressure (PSAP) 
with advancing age both at rest and during exercise, a finding 
also observed in athletes.24 In patients aged ≥ 70 years, the 
increase in pulmonary systolic pressure is associated with 
decreased transpulmonary flow and increased systemic pulse 

Figure 3 – A) Lung ultrasound image with A lines. B) Lung ultrasound image with B lines (arrow) (source: personal collection of the author Otto ME).
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pressure, which is explained by increased arterial stiffness in 
older people24. A higher stroke volume compared to normal 
subjects justifies the increase in PSAP during exercise in 
athletes.25

In healthy individuals, exercise increases cardiac output 
and decreases pulmonary vascular resistance (PVR).  
A PSAP value of < 43 mmHg during exercise is considered 
normal.26 Pathologically, based on the fundamental flow 
equation (flow [F] = pressure change [∆P] / resistance [R]), 
the abnormal increase in pulmonary artery pressure during 
exercise can be attributed to supranormal cardiac output 
(e.g., in athletes) or an increase in resistance because of the 
limited capacity of the pulmonary vascular bed (as occurs in 
chronic obstructive pulmonary disease or congenital heart 
disease). In this context, the relationship between pressure 
change (estimated by the TR velocity) and flow (estimated 
by the right ventricular outflow tract [RVOT] velocity time 
integral [VTI]) can help differentiate whether the pressure 
increase is due to increased flow or resistance. The PVR is 
calculated by the formula: (maximum TR velocity/RVOT 
VTI) X 10 + 0.16. Calculation of PVR also helps to identify 
patients with postcapillary pulmonary hypertension (PVR < 
3 WU) and patients with precapillary or mixed pulmonary 
hypertension (PVR > 3 WU).

Shim CY et al.28 followed 498 patients who underwent 
diastolic stress echocardiography for 41 months and found 
patients with exercise-induced PH had a worse prognosis. 
Patients with a pathological increase in the E/e’ ratio and 
exercise-induced PH had a significantly worse outcome 
compared with the normal diastolic stress group and the 
group with only exercise-induced PH.28

Case reports
Case report 1: A 45-year-old woman with nonobstructive 

hypertrophic cardiomyopathy presents with complaints of 
fatigue and moderate exertional dyspnea. The purpose of the 
requested study was to evaluate the intraventricular gradient 
during exercise (resting study: Figure 5).

She underwent CESE. The following hemodynamic data 
were assessed: E/e’ ratio, peak TRV, LUS, and LV outflow tract 
gradient (Figure 6).

As observed in the analysis of the study described in Figure 6, 
patient did not have LV outflow tract obstruction during exercise. 
However, there was a pathological increase in the E/e’ ratio 
during low-load exercise (E/e’ ratio = 15.2 at 25W) associated 
with PH and the appearance of B-lines on LUS, consistent with 
HFpEF. In this case, the patient had hemodynamic and pulmonary 
congestion during exercise. At 50 W, we observed fusion of the E 
and A waves at a heart rate of 100 bpm, a common finding that 
prevents evaluation of the E/e’ ratio. However, the acquisition 
of pulsed Doppler of the mitral flow during immediate recovery, 
when the E and A waves separate, allows an accurate assessment 
of the filling pressures modified by exercise.

Case report 2: A 62-year-old hypertensive, diabetic, former 
smoker man presents with complaints of moderate exertional 
dyspnea. Clinically, he was classified as obese grade I. In addition, 
B-type natriuretic peptide level was normal, estimated at 65 
pg/ml. A transthoracic echocardiography (Figure 7) and CESE 
(Figure 8) were performed.

In contrast to clinical case 1, he did not show increased filling 
pressures during exercise (normal E/e’ ratio). However, at 75W 
he experienced dyspnea with a slight decrease in O2 saturation 
(initially 98% on room air, dropping to 93% at 75W) associated 
with pulmonary congestion. Based on these findings, the TAPSE/
TRV ratio was evaluated and found to be decreased (Figure 9). 
The conclusion from these changes in saturation and right 
ventricular function was pulmonary congestion was likely because 
of systemic venous hypertension associated with ventriculo-arterial 
uncoupling. In addition, the patient’s history of smoking with 
chronic obstructive pulmonary disease supports the findings of 
decreased saturation and “hidden” right ventricular dysfunction.

Conclusion
Exercise stress echocardiography using a cycle ergometer 

allows detailed assessment of several parameters beyond 
segmental contraction of the LV. This method allows the 

Figure 4 – Example of an ergometric bed protocol with assessment of filling pressures, pulmonary congestion, and segmental contraction analysis (source: 
IDPC image bank).



Arq Bras Cardiol: Imagem cardiovasc. 2024;37(3):e20240049 6

Review Article

Vilela et al.
Hemodynamic assessment in exercise stress

Figure 5 – Resting assessment of a patient with hypertrophic cardiomyopathy with septal predominance. For Review Only: Left images: resting gradient and 
right images: assessment of global longitudinal strain with reduction of the septal wall (source: IDPC image bank).

Figure 6 – Exercise evaluation of a patient with hypertrophic cardiomyopathy with septal predominance. Upper left images: gradients measured in the LV 
outflow tract at rest: 17.1 mmHg; at 25W: 22.8 mmHg; at 50W: 19.6 mmHg; and during recovery: 19.9 mmHg. Upper right images: Resting E/e’ ratio: 9.7; E/e’ 
at 25W: 15.2; E/e’ at 50W: not evaluated because of fusion of E and A waves, and E/e’ during recovery: 12.4. Bottom left images: Peak TRV at rest: 3.27 m/s; at 
25W: 4.32 mmHg; at 50W: 4.07 mmHg, and during recovery: 2.32 mmHg. Bottom right images: LUS analysis at rest and at 50W (source: IDPC image bank).

investigation of the cause of dyspnea by describing the 
ventricular hemodynamic behavior during exercise by detecting 
dynamic intraventricular gradients, the evaluation of increased 
filling pressures by analyzing the E/e’ ratio during exercise, the 
increased PSAP in the presence of TR, and the appearance of 
B-lines on lung ultrasound (pulmonary congestion). Although 
financially accessible, this method requires extensive training of 
the involved team and the development of specific protocols 
on the echocardiography equipment, as well as knowledge of 
the use of a specific ergometry system to apply the appropriate 

protocol with progressive loads on the cycle ergometer. Thus, 
although the cycle ergometer offers a wide range of possibilities 
for the study of dyspnea, it remains underutilized in our setting.
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Figure 7 – Resting echocardiogram of a hypertensive, diabetic, ex-smoker patient complaining of moderate exertional dyspnea (source: IDPC image bank).

Figure 8 – Exertional assessment of a hypertensive, diabetic, former smoker with complaints of moderate exertional dyspnea. Upper half images: Normal E/e’ 
ratio during exercise. Lower left images: Peak TRV at rest: 2.67 m/s; at 25 W: 3.22 m/s; at 75 W: 3.64 m/s, and during recovery: 3.26 m/s, respectively. Bottom 
right images: LUS analysis at 75W (source: IDPC image bank).
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Figure 9 – Assessment of right ventricle-pulmonary artery uncoupling. TAPSE/TR velocity ratio estimated at 0.35 mm.cm/s

1.	 Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quiñones MA. 
Doppler Tissue Imaging: A Noninvasive Technique for Evaluation of 
Left Ventricular Relaxation and Estimation of Filling Pressures. J Am Coll 
Cardiol. 1997;30(6):1527-33. doi: 10.1016/s0735-1097(97)00344-6. 

2.	 Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield 
MM, et al. Clinical Utility of Doppler Echocardiography and Tissue 
Doppler Imaging in the Estimation of Left Ventricular Filling Pressures: A 
Comparative Simultaneous Doppler-catheterization Study. Circulation. 
2000;102(15):1788-94. doi: 10.1161/01.cir.102.15.1788. 

3.	 Udelson JE, Bacharach SL, Cannon RO 3rd, Bonow RO. Minimum Left 
Ventricular Pressure During Beta-adrenergic Stimulation in Human 
Subjects. Evidence for Elastic Recoil and Diastolic “Suction” in the 
Normal Heart. Circulation. 1990;82(4):1174-82. doi: 10.1161/01.
cir.82.4.1174. 

4.	 Ha JW, Andersen OS, Smiseth OA. Diastolic Stress Test: Invasive and 
Noninvasive Testing. JACC Cardiovasc Imaging. 2020;13(1):272-82. doi: 
10.1016/j.jcmg.2019.01.037. 

5.	 Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H, Edvardsen 
T, et al. Recommendations for the Evaluation of Left Ventricular Diastolic 
Function by Echocardiography: An Update from the American Society 
of Echocardiography and the European Association of Cardiovascular 
Imaging. J Am Soc Echocardiogr. 2016;29(4):277-314. doi: 10.1016/j.
echo.2016.01.011. 

6.	 Ha JW, Oh JK, Pellikka PA, Ommen SR, Stussy VL, Bailey KR, et al. 
Diastolic Stress Echocardiography: A Novel Noninvasive Diagnostic 
Test for Diastolic Dysfunction Using Supine Bicycle Exercise Doppler 
Echocardiography. J Am Soc Echocardiogr. 2005;18(1):63-8. doi: 
10.1016/j.echo.2004.08.033. 

References



Arq Bras Cardiol: Imagem cardiovasc. 2024;37(3):e202400499

Review Article

Vilela et al.
Hemodynamic assessment in exercise stress

This is an open-access article distributed under the terms of the Creative Commons Attribution License

7.	 Burgess MI, Jenkins C, Sharman JE, Marwick TH. Diastolic Stress 
Echocardiography: Hemodynamic Validation and Clinical Significance of 
Estimation of Ventricular Filling Pressure with Exercise. J Am Coll Cardiol. 
2006;47(9):1891-900. doi: 10.1016/j.jacc.2006.02.042. 

8.	 Talreja DR, Nishimura RA, Oh JK. Estimation of Left Ventricular Filling 
Pressure with Exercise by Doppler Echocardiography in Patients with 
Normal Systolic Function: A Simultaneous Echocardiographic-cardiac 
Catheterization Study. J Am Soc Echocardiogr. 2007;20(5):477-9. doi: 
10.1016/j.echo.2006.10.005. 

9.	 Obokata M, Kane GC, Reddy YN, Olson TP, Melenovsky V, Borlaug 
BA. Role of Diastolic Stress Testing in the Evaluation for Heart 
Failure with Preserved Ejection Fraction: A Simultaneous Invasive-
Echocardiographic Study. Circulation. 2017;135(9):825-38. doi: 10.1161/
CIRCULATIONAHA.116.024822. 

10.	 Hong SJ, Shim CY, Kim D, Cho IJ, Hong GR, Moon SH, et al. Dynamic 
Change in Left Ventricular Apical Back Rotation: A Marker of Diastolic 
Suction with Exercise. Eur Heart J Cardiovasc Imaging. 2018;19(1):12-9. 
doi: 10.1093/ehjci/jex241. 

11.	 Lichtenstein D, Mezière G. A Lung Ultrasound Sign Allowing Bedside 
Distinction Between Pulmonary Edema and COPD: The Comet-tail 
Artifact. Intensive Care Med. 1998;24(12):1331-4. doi: 10.1007/
s001340050771. 

12.	 Picano E, Frassi F, Agricola E, Gligorova S, Gargani L, Mottola G. Ultrasound 
Lung Comets: A Clinically Useful Sign of Extravascular Lung Water. J Am 
Soc Echocardiogr. 2006;19(3):356-63. doi: 10.1016/j.echo.2005.05.019. 

13.	 Gargani L, Girerd N, Platz E, Pellicori P, Stankovic I, Palazzuoli A, et al. 
Lung Ultrasound in Acute and Chronic Heart Failure: A Clinical Consensus 
Statement of the European Association of Cardiovascular Imaging (EACVI). 
Eur Heart J Cardiovasc Imaging. 2023;24(12):1569-82. doi: 10.1093/
ehjci/jead169. 

14.	 Ciampi Q, Zagatina A, Cortigiani L, Wierzbowska-Drabik K, Kasprzak JD, 
Haberka M, et al. Prognostic Value of Stress Echocardiography Assessed 
by the ABCDE Protocol. Eur Heart J. 2021;42(37):3869-78. doi: 10.1093/
eurheartj/ehab493. 

15.	 Otto MEB, Esmanhoto VA. Como Eu Faço Ultrassom de Pulmão para 
Avaliar Congestão. Arq Bras Cardiol Imagem Cardiovasc. 2022;35(3):22. 
doi: 10.47593/2675-312X/20223503ecom22.

16.	 Scali MC, Zagatina A, Simova I, Zhuravskaya N, Ciampi Q, Paterni M, et 
al. B-lines with Lung Ultrasound: The Optimal Scan Technique at Rest 
and During Stress. Ultrasound Med Biol. 2017;43(11):2558-66. doi: 
10.1016/j.ultrasmedbio.2017.07.007. 

17.	 Merli E, Ciampi Q, Scali MC, Zagatina A, Merlo PM, Arbucci R, et 
al. Pulmonary Congestion During Exercise Stress Echocardiography 
in Ischemic and Heart Failure Patients. Circ Cardiovasc Imaging . 
2022;15(5):e013558. doi: 10.1161/CIRCIMAGING.121.013558.

18.	 Simonovic D, Coiro S, Deljanin-Ilic M, Kobayashi M, Carluccio E, Girerd 
N, et al. Exercise-induced B-lines in Heart Failure with Preserved Ejection 
Fraction Occur Along with Diastolic Function Worsening. ESC Heart Fail. 
2021;8(6):5068-80. doi: 10.1002/ehf2.13575.

19.	 Reddy YNV, Obokata M, Wiley B, Koepp KE, Jorgenson CC, Egbe A, et al. The 
Haemodynamic Basis of Lung Congestion During Exercise in Heart Failure with 
Preserved Ejection Fraction. Eur Heart J. 2019;40(45):3721-30. doi: 10.1093/
eurheartj/ehz713. 

20.	 Guazzi M, Naeije R, Arena R, Corrà U, Ghio S, Forfia P, et al. Echocardiography 
of Right Ventriculoarterial Coupling Combined with Cardiopulmonary 
Exercise Testing to Predict Outcome in Heart Failure. Chest. 2015;148(1):226-
34. doi: 10.1378/chest.14-2065. 

21.	 Tello K, Wan J, Dalmer A, Vanderpool R, Ghofrani HA, Naeije R, et al. 
Validation of the Tricuspid Annular Plane Systolic Excursion/Systolic Pulmonary 
Artery Pressure Ratio for the Assessment of Right Ventricular-Arterial 
Coupling in Severe Pulmonary Hypertension. Circ Cardiovasc Imaging. 
2019;12(9):e009047. doi: 10.1161/CIRCIMAGING.119.009047. 

22.	 Scali MC, Zagatina A, Simova I, Zhuravskaya N, Ciampi Q, Paterni M, et 
al. B-lines with Lung Ultrasound: The Optimal Scan Technique at Rest and 
During Stress. Ultrasound Med Biol. 2017;43(11):2558-66. doi: 10.1016/j.
ultrasmedbio.2017.07.007. 

23.	 Poliner LR, Dehmer GJ, Lewis SE, Parkey RW, Blomqvist CG, Willerson JT. Left 
Ventricular Performance in Normal Subjects: A Comparison of the Responses 
to Exercise in the Upright and Supine Positions. Circulation. 1980;62(3):528-
34. doi: 10.1161/01.cir.62.3.528. 

24.	 Kane GC, Sachdev A, Villarraga HR, Ammash NM, Oh JK, McGoon MD, et al. 
Impact of Age on Pulmonary Artery Systolic Pressures at Rest and with Exercise. 
Echo Res Pract. 2016;3(2):53-61. doi: 10.1530/ERP-16-0006. 

25.	 Bossone E, Rubenfire M, Bach DS, Ricciardi M, Armstrong WF. Range of 
Tricuspid Regurgitation Velocity at Rest and During Exercise in Normal Adult 
Men: Implications for the Diagnosis of Pulmonary Hypertension. J Am Coll 
Cardiol. 1999;33(6):1662-6. doi: 10.1016/s0735-1097(99)00055-8. 

26.	 Grünig E, Weissmann S, Ehlken N, Fijalkowska A, Fischer C, Fourme 
T, et al. Stress Doppler Echocardiography in Relatives of Patients with 
Idiopathic and Familial Pulmonary Arterial Hypertension: Results of a 
Multicenter European Analysis of Pulmonary Artery Pressure Response to 
Exercise and Hypoxia. Circulation. 2009;119(13):1747-57. doi: 10.1161/
CIRCULATIONAHA.108.800938.

27.	 Abbas AE, Fortuin FD, Schiller NB, Appleton CP, Moreno CA, Lester SJ. A 
Simple Method for Noninvasive Estimation of Pulmonary Vascular Resistance. J 
Am Coll Cardiol. 2003;41(6):1021-7. doi: 10.1016/s0735-1097(02)02973-x. 

28.	 Shim CY, Kim SA, Choi D, Yang WI, Kim JM, Moon SH, et al. Clinical 
Outcomes of Exercise-induced Pulmonary Hypertension in Subjects with 
Preserved Left Ventricular Ejection Fraction: Implication of an Increase in 
Left Ventricular Filling Pressure During Exercise. Heart. 2011;97(17):1417-
24. doi: 10.1136/hrt.2010.220467.


