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ABSTRACT

BACKGROUND: Cardiac catheterization is the gold standard for cardiopulmonary 
hemodynamic assessment, although its widespread use could be restricted due to its invasive 
nature. The aim of this study is to compare multiple echocardiography parameters, including 
right atrial (RA) strain, with right heart catheterization (RHC) data in patients with heart 
failure reduced ejection fraction (HFrEF) in the assessment of right heart hemodynamics.
METHODS: Patients with HFrEF (defined by left ventricular ejection fraction [LVEF] ≤ 35%) 
were enrolled prospectively in this study. All patients underwent echocardiography and RHC. 
RA pressure (RAP), right ventricular end diastolic pressure (RVEDP), systolic pulmonary 
artery pressure (sPAP) and pulmonary vascular resistance (PVR) were calculated in RHC. 
Right ventricular (RV) diastolic and systolic function, RAP, RA size, sPAP and PVR were also 
measured by echocardiography.
RESULTS: Fifty patients (36 men) aged 13–51 years with LVEF ≤ 35% were enrolled in this study. 
There was a significant correlation between echocardiography and catheterization data (r > 0.6, 
p < 0.001). The RV diastolic grading had significant relation with RA volume (p < 0.001) and RA 
strain (p < 0.001) in echocardiography, and with RVEDP (p = 0.01) and RAP (p < 0.001) in RHC. 
There were significant relations between the New York Heart Association classification and RV 
diastolic function grading (p < 0.001), with RA strain (p = 0.019), and size (p = 0.04).
CONCLUSIONS: RA function, as assessed by strain imaging, correlates with right heart 
hemodynamics in patients with HFrEF.
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INTRODUCTION

Right heart catheterization (RHC) is the gold standard for cardiopulmonary hemodynamic 
assessment, which is a crucial step in heart transplantation.1) Although this technique has 
few complications, it is invasive.2-5) On the other hand, Doppler echocardiography is a non-
invasive technology and can provide a comprehensive assessment of the hemodynamics.6) 
Although numerous studies have examined the relationship between right-sided cardiac 
catheterization and echocardiography variables, their correlation is still debatable.7)8) This study 
was conducted to investigate the correlation between echocardiography parameters obtained 
during assessment of the right heart and right-sided cardiac catheterization data in patients 
with heart failure reduced ejection fraction (HFrEF) who were waiting for heart transplantation. 
Right atrial (RA) strain, a new echocardiographic parameter, was also investigated to define its 
importance and relationship to hemodynamic data that were derived invasively.

METHODS

Patients
This cross-sectional study was conducted from March 2015 to 2017 using data derived 
from Doppler echocardiography and heart catheterization in a tertiary hospital. Patients 
with HFrEF, defined by ejection fraction (EF) ≤ 35%, who were candidates for heart 
transplantation were initially assessed for eligibility to be enrolled in this study. The study 
was approved by the Research Ethics Committee of Mashhad University of Medical Sciences, 
Mashhad, Iran (IR.MUMS.fm.REC.1395.201), and informed consent was obtained from each 
participant according to the Institutional Review Board approval prior to study entrance.

All individuals underwent echocardiography and cardiac catheterization. Echocardiography 
and cardiac catheterization evaluations were done within a 24-hour time interval to minimize 
the role of different loading conditions as a confounding factor. The exclusion criteria 
included the following: atrial or ventricular arrhythmias during the study course, congenital 
heart disease, pulmonary arterial hypertension, lung disease with secondary pulmonary 
hypertension, severe tricuspid regurgitation (TR; including free TR with peak velocity [TRV] 
< 2.5 m/sec), or poor imaging quality (Figure 1).
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HFrEF < 35%, in heart transplantation clinic,
assessed for eligibility

(n = 62)

Entered analysis
(n = 50)

Echocardiography & catheterization

Excluded (n = 2)
- Refused to participate (n = 2)Excluded (n = 10)

- Severe TR (n = 3)
- Lung diseases with associated

pulmonary hypertension (n = 4)
- Pulmonary arterial

hypertension (n = 1)
- Poor echo image quality (n = 2)

Figure 1. Algorithm of enrollment of the patients.HFrEF: heart failure reduced ejection fraction, TR: tricuspid regurgitation.
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RHC
RHC was performed by one cardiologist with a fellowship in heart failure (HF) who was 
blinded to the echocardiographic data. The catheterization was based on the standard 
protocol and was done through the femoral vein via an A1 catheter under fluoroscopy. RA 
pressure (RAP), right ventricular end diastolic pressure (RVEDP), right ventricular (RV) 
systolic pressure, mean pulmonary artery pressure (mPAP), systolic pulmonary artery 
pressure (sPAP), diastolic pulmonary artery pressure and pulmonary capillary wedge pressure 
(PCWP) were measured. Cardiac output (CO) and pulmonary vascular resistance (PVR) were 
calculated by the Fick method with PVR in the wood unit.

Transthoracic echocardiography (TTE)
Comprehensive TTE was done by an echocardiologist who was blind to the catheterization 
data and used a Philips IE33 scanner (Philips Ultrasound, Bothell, WA, USA) and an X5-1 
matrix array probe. TEE was performed with the patient in the left lateral position in 
accordance with the American Society of Echocardiography guidelines.9)

RA area and volume were measured in the apical four-chamber view, with the latter using the 
disk summation method. RAP was indirectly estimated based on the diameter and respiratory 
collapsibility of the inferior vena cava (IVC). The sPAP was calculated based on TRVmax2 × 
4 + RAP, and mPAP was achieved from 4 × (early pulmonary regurgitation velocity)2 + RAP. 
Tricuspid annulus systolic velocity (S′) and tricuspid early diastolic velocity (E′) were derived 
from Doppler tissue imaging of the lateral side of the tricuspid annulus in the apical 4-chamber 
view. The RV end-systolic area (RVESA) and RV end-diastolic area (RVEDA) were also measured 
to calculate the RV fractional area change (%RVFAC) = (RVEDA − RVESA)/RVEDA × 100%.

PVR was determined by the following equation10):
PVR = (TRV/RV outflow tract velocity time integral) × 10 + 0.16

Longitudinal strain of the right ventricle (only the free wall) and the right atrium were 
measured in the RV-focused apical 4-chamber view. Optimal depth and gain and proper 
visualization of the cavity throughout the cardiac cycle were used. For RV strain analysis, the 
endocardial tracing started at the lateral side of the tricuspid valve (TV) annulus and stopped 
at the insertion of the RV free wall in the left ventricular (LV). The average of the longitudinal 
strain in the 3 segments of the RV free wall was defined as RV strain. In RA strain assessment, 
the tracing started at the TV annulus, continued along the endocardial border of the RA 
lateral wall, RA roof, and RA septal wall, and ended at the opposite tricuspid annulus.

Grading of RV diastolic function was based on the right heart echocardiography guidelines by 
pulsed Doppler of the tricuspid inflow, tissue Doppler of the lateral tricuspid annulus, pulsed 
Doppler of the hepatic vein, and IVC size and its collapsibility. Diastolic state was defined as 
normal or with dysfunction (grade I to III). A tricuspid E/A ratio < 0.8 suggested impaired 
relaxation (grade 1), a tricuspid E/A ratio of 0.8 to 2.1 with an E/e′ ratio > 6, or diastolic flow 
predominance in the hepatic veins was in favor of pseudo-normal filling pattern abnormality 
(grade II), and a tricuspid E/A ratio > 2.1 with deceleration time < 120 ms suggested restrictive 
filling (grade III).10)

Statistical analysis
The results were shown as numbers (%) or the mean value ± standard deviation. The 
correlations between echocardiography and catheterization data were evaluated using 
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Pearson's correlation. A Bland-Altman plot was used to analyze the agreement between these 
two methods (echocardiography and catheterization). One-way analysis of variance (ANOVA) 
was applied to compare the echocardiography data and catheterization variables based on RV 
diastolic dysfunction classification. A p-value < 0.05 was considered statistically significant.

RESULTS

Of the 62 patients with HFrEF (EF < 35%), 50 patients were included in the final analysis 
(Figure 1). The mean patient age was 34.24 years (range, 13–51 years), and 72% of the 
patients were male. The underlying etiology of HFrEF was non- ischemic in most cases 
(72%). Fourteen patients suffered from HF due to ischemic events, in which coronary 
revascularization was done in 71% of cases. The baseline clinical characteristics of the 
patients are shown in Table 1.

Echocardiography and catheterization data
The echocardiography data are summarized in Table 2. The systolic, diastolic and mean 
pulmonary artery pressures, derived from catheterization, were 40.06 ± 9.80 mm Hg, 26.64 
± 7.84 mm Hg, and 31.08 ± 8.22 mm Hg, respectively. The measured mean PCWP was 21 mm 
Hg, and the PVR was 3.5 woods. The echocardiography and catheterization parameters of 
right heart hemodynamics were compared, and the correlation analysis showed significant 
correlation (r > 0.6, p < 0.001), with the least correlation for RAP (r = 0.62) and the best 
correlation for PVR (r = 0.86).
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Table 1. Baseline clinical characteristics of the included patients (n = 50)
Characteristics Values
Age (year) 34.24 ± 10.52
Male/female 36/14
Underlying etiology for HF

Ischemic 14 (28)
Non-ischemic 36 (72)

CRT/ICD 0/10
Mean arterial pressure (mmHg) 81 ± 11
Heart rate (per min) 80 ± 15
BSA (m2) 1.74 ± 0.19
LVEF 21.6 ± 7.5
NYHA classification

I 0
II 11 (22)
III 27 (54)
IV 12 (24)

Coronary revascularization 10 (20)
Previous medication

RAS blocker 50 (100)
Beta-blocker 43 (86)
CCB 7 (14)
Furosemide 37 (62)
Spironolactone 28 (58)
Statin 29 (58)
Aspirin 14 (28)

All values are presented as means ± standard deviations or numbers of patients (%).
BSA: body surface area, CCB: calcium channel blocker, CRT: cardiac resynchronization therapy, HF: heart 
failure, ICD: implantable cardioverter defibrillator, LVEF: left ventricle ejection fraction, NYHA: New York Heart 
Association, RAS: renin angiotensin blocker.

Pr
ov
isi
on
al

Pr
ov
isi
on
al

https://e-jcvi.org


RV diastolic dysfunction
Grading of RV diastolic dysfunction revealed normal diastolic function in 11 (22%) patients, 
mild diastolic dysfunction in 10 (20%), pseudo-normal filling pattern in 22 (44%) and 
restrictive filling pattern in 7 (14%) patients.

The ANOVA test was used to determine the statistically significant differences between 
echocardiography and catheterization hemodynamic parameters with respect to the RV 
diastolic dysfunction grading subgroups (Figures 2 and 3). According to an analysis of the 
echocardiography data, the RV diastolic grading had significant relation with RA volume (p < 
0.001), RA strain (p < 0.001), RV longitudinal strain (p = 0.005) and RVFAC (p = 0.005), but 
no significant relation was found with PAP, EF or PVR. An analysis of the catheterization data 
demonstrated that RV diastolic grading showed significant relation with RVEDP (p = 0.01) 
and RAP (p < 0.001), but not with sPAP (p = 0.1), PVR (p = 0.4), or CO (p = 0.4).

New York Heart Association (NYHA) classification and RV hemodynamic data
There was significant relation between RV diastolic function grading and the NYHA 
classification using the Kruskal-Wallis test (p < 0.001). Statistically significant relation 
was found in RA strain (p = 0.019) and RA volume (p = 0.04) among the echocardiography 
parameters, and only RAP (p = 0.03) showed statistically significant relation among the 
catheterization variables.

DISCUSSION

For many years, the right ventricle has been neglected during the evaluation of patients 
with left-sided HF. During the past two decades, however, several studies have shown that 
RV dysfunction (RVD) is common in left HF, and it also results in increased morbidity and 
mortality.11) RVD is now recognized as a major prognostic factor, whether in the presence of 
preserved (HFpEF) or HFrEF.12-14)

Because the most common cause of RVD is LV dysfunction, a comprehensive study of 
right heart hemodynamics is crucial, especially before heart transplantation, and RHC 
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Table 2. Echocardiography parameters in all participants (n = 50)
Parameters Values
RA area (cm2) 14.91 ± 7.51
RA volume (cc) 87.49 ± 56.15
TV E velocity (cm/s) 51.59 ± 20.21
TV A velocity (cm/s) 30.09 ± 14.06
TV E/A ratio 1.41 ± 0.67
TA E' (cm/s) 7.35 ± 2.56
E/E' ratio 6.75 ± 3.14
LVEF (%) 21.60 ± 7.50
RVFAC (%) 28.00 ± 13.00
sPAP (mmHg) 40.57 ± 11.47
PVR (woods) 2.48 ± 1.50
RAP (mmHg) 16.80 ± 7.62
RA strain (%) 13.06 ± 10.01
RV strain (%) −16.61 ± 8.80
All values are presented as means ± standard deviations.
A: tricuspid late diastolic velocity, E: tricuspid early diastolic velocity, LVEF: left ventricular ejection fraction, PVR: 
pulmonary vascular resistance, RA: right atrial, RAP: right atrial pressure, RV: right ventricular, RVFAC: right ventricular 
fractional area change, sPAP: systolic pulmonary artery pressure, TA: tricuspid annulus, TV: tricuspid valve.
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has been the gold standard method.15-17) However, because of its invasive nature, risk for 
complications and expense, RHC has been substituted with other non-invasive and valid 
methods. Echocardiography, alongside RHC, was used in this study to evaluate right 
heart hemodynamics, and the related data showed a significant correlation between 
echocardiography and catheterization (r > 0.6, p < 0.001). RV diastolic function was also 
assessed, and different grades of dysfunction were detected in 78% of enrolled HFrEF 
patients, which signifies that RV diastolic dysfunction is a common problem in patients with 
left ventricle dysfunction and is significantly correlated with the NYHA class of participants. 
However, the data on this aspect of RV function are lacking and its prognostic role is not 
completely understood. RA size and strain (measured by echocardiography) and RVEDP, 
and RAP (calculated by RHC), were related with the grading of diastolic dysfunction. 
Consequently, they could be defined as a surrogate marker for RV diastolic dysfunction. A 
study by Sallach et al.18) in patients with chronic systolic HF (EF < 35%) revealed that the 
indexed RV volume showed relation with systolic and diastolic RV function and serum brain 
natriuretic peptide levels, and it was defined as a predictive factor for adverse events such as 
death, heart transplantation and hospitalization due to HF. RA dysfunction seems to affect 
CO by impairing RV filling. In a study by Wright et al., the increase in RAP was associated 
with the decrease in RA strain.19) In another study, HFrEF, but not HFpEF, was associated with 
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Figure 2. Relation of echocardiography (RA and RV strain, RAP size, and sPAP) with different RV diastolic function groups. 
RA: right atrial, RAP: right atrial pressure, RV: right ventricular, sPAP: systolic pulmonary artery pressure.
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significant RA dysfunction.20) Such findings are compatible with this study, which showed 
the impairment of RA function in HFrEF patients with increased RAP. In addition, RA strain, 
compared to the echo parameters of RV systolic function, had a stronger relation with the 
NYHA class.

Several limitations are noted in this study. The longitudinal strain analysis for both the 
RV and RA was done with the same software as the LV, and it seems that more studies 
are needed to assess the validity of this technique. In addition, the effect of RV diastolic 
dysfunction grading on long term prognosis was not evaluated due to lack of patients' follow 
up according to the study design. Further studies are needed to address the prognostic 
implication of RA strain analysis in patients with HFrEF.

In conclusion, this study suggested that the determinant factor for RV diastolic function 
was RA size, pressure and function (by strain), but not pulmonary artery systolic pressure 
or CO. Right atrium strain could be suggested as a new echocardiographic parameter in the 
assessment of RV hemodynamics in patients with HF.
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