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Background: The importance of right heart assessment in dilated cardiomyopathy (DCM) is increasingly 
recognized. The development of cardiovascular magnetic resonance-feature tracking (CMR-FT) has 
provided a novel approach to quantify myocardial deformation and evaluate cardiac function. In this study, 
we aimed to evaluate the feasibility and reproducibility of CMR-FT for the quantitative derivation of right 
atrial (RA) strain and strain rate (SR) in patients with DCM.
Methods: A total of 68 DCM patients (84% male; aged 50.6±13.2 years) and 58 healthy controls (81% 
male; aged 48.4±11.2 years) were retrospectively enrolled from September 2018 to August 2022 at the 
First Affiliated Hospital of Zhejiang Chinese Medical University and Shenzhen Clinical Medical College 
of Guangzhou University of Chinese Medicine. RA reservoir, conduit, and booster strain (εs, εe, and εa) 
and peak positive, peak early negative, and peak late negative SR (SRs, SRe, and SRa) were measured using 
CMR-FT and compared between 2 groups using Student’s t-test. Intra- and inter-observer reproducibility 
was evaluated using intraclass correlation coefficients (ICC) and Bland-Altman plots.
Results: Compared to healthy controls, DCM patients showed significantly lower RA strain (εs: 
19.7%±9.0% vs. 44.4%±9.7%; εe: 7.9%±5.3% vs. 25.8%±8.6%; εa: 11.8%±6.2% vs. 18.6%±5.1%, all 
P<0.001) and SR (SRs: 1.17±0.48 vs. 1.92±0.62 s−1; SRe: −0.85±0.56 vs. −1.94±0.63 s−1; SRa: −1.39±0.71 vs. 
−2.01±0.65 s−1, all P<0.001). There was no significant difference in RA maximum volume index between the 
2 groups. Simple linear regression analysis demonstrated a significant correlation between N-terminal B-type 
natriuretic peptide (NT-proBNP), RA emptying fraction passive (RAEF passive), and RA εe [(NT-proBNP 
and εe): r=−0.48, P<0.001, 95% confidence interval (CI): −0.64 to −0.26; and (RAEF passive and εe): r=0.41, 
P=0.001, 95% CI: 0.22 to 0.56, respectively] in DCM patients. Intra- and inter-observer reproducibility was 
excellent (all ICCs >0.85) for RA deformation measurements.
Conclusions: CMR-FT is a promising, noninvasive approach for the quantitative assessment of RA phasic 
function in patients with DCM. DCM patients exhibit impaired RA reservoir, conduit, and booster pump 
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Introduction

Dilated cardiomyopathy (DCM) is a condition characterized 
by left or biventricular dilatation and contractile dysfunction, 
independent of abnormal preload conditions or severe 
coronary artery disease (1). As the main cause of heart 
failure (HF), DCM is the most common indication for heart 
transplant, with an estimated prevalence of 40 cases per 
100,000 individuals (2,3). Previous studies have established 
the importance of assessing left ventricular (LV), left 
atrial (LA), and right ventricular (RV) enlargement and 
dysfunction in predicting the morbidity and mortality of 
DCM (4-8). However, limited attention has been given to 
exploring the potential presence and impact of right atrial 
(RA) dysfunction in patients with DCM.

The right atrium, despite its pivotal role in maintaining 
normal cardiac hemodynamics through reservoir, conduit, 
and booster pump function, is often overlooked in clinical 
assessment (9). Compared with the RA emptying fraction 
(RAEF), which is the most commonly used index for 
evaluating RA function, RA deformation parameters 
including strain and strain rate (SR) could provide a 
quantitative assessment of myocardial performance at 
all phases of the right atrium, and have been considered 
more sensitive indicators to detect the impairment of atrial 
phasic function (10-12). Increasing evidence has established 
that the assessment of RA function through myocardial 
deformation imaging possesses significant diagnostic and 
prognostic value in various cardiovascular diseases (13-15).

Speckle-tracking echocardiography (STE) is currently the 
preferred method for quantifying myocardial deformation (16).  
However, assessing RA function using STE may pose 
challenges due to the RA anatomical complexity, thin wall 
and appendage, and the presence of the superior vena cava. 
Conversely, cardiovascular magnetic resonance-feature 
tracking (CMR-FT), a novel technique based on routine 
balanced steady-state free precession (SSFP) cine sequences, 
offers higher spatial resolution, better reproducibility, and 
improved definition of endocardial borders, making it 

increasingly attractive for evaluating RA phasic functions (17).  
Moreover, a very recent study using a fast long-axis method 
found that RA strain was closely associated with poor outcomes 
in patients with DCM (18). Nonetheless, studies focused 
on RA deformation using CMR-FT in DCM patients are 
limited.

Therefore, the primary objective of the present study was 
to determine the feasibility and reproducibility of CMR-
FT for quantifying RA function in patients with DCM, and 
investigate the potential differences in RA phasic function 
between DCM patients and healthy individuals. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1119/rc).

Methods

Study population

The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The study was approved by 
the Ethics Committees of The First Affiliated Hospital of 
Zhejiang Chinese Medical University (2022-KLS-207-01)  
and Shenzhen Clinical Medical College of Guangzhou 
University of Chinese Medicine (2021ECPJ006), and the 
requirement for individual consent for this retrospective 
analysis was waived. The study enrolled a total of 68 
consecutive patients with non-ischemic, idiopathic DCM 
who underwent CMR examinations at The First Affiliated 
Hospital of Zhejiang Chinese Medical University and 
Shenzhen Clinical Medical College of Guangzhou 
University of Chinese Medicine from September 2018 
to August 2022. Thirty patients have been reported in a 
previous study, which was aimed to predict outcomes in 
DCM (19). DCM was defined as having an LV ejection 
fraction (EF) <50% and an indexed LV end-diastolic 
diameter >33 mm/m2 for men or >32 mm/m2 for women (20).  
The exclusion criteria were as follows: (I) ischemic heart 
diseases, characterized by a history of myocardial infarction, 

function prior to visible RA enlargement.
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greater than 50% luminal stenosis at coronary angiography, 
or infarct pattern of late gadolinium enhancement (LGE) 
on CMR; (II) hypertrophic, restrictive, or infiltrative 
cardiomyopathy; (III) severe valvular diseases; (IV) 
congenital heart diseases; (V) acute myocarditis; (VI) 
arrhythmogenic RV cardiomyopathy (Figure S1). All 
DCM patients completed fasting routine laboratory 
and biochemical tests [including fasting blood glucose, 
N-terminal B-type natriuretic peptide (NT-proBNP), 
etc.] within 3 days before or after CMR examination. As 
the control group, 58 age- and gender-matched healthy 
individuals without hypertension, diabetes, and overt 
cardiovascular diseases were enrolled at The First Affiliated 
Hospital of Zhejiang Chinese Medical University.

CMR protocol

CMR images were acquired with 3.0T CMR scanners 
(Magnetom Prisma, Siemens Healthineers, Erlangen, 
Germany, and Discovery MR750, General Electric Healthcare, 
Chicago, IL, USA) scanners with 16- or 32-channel phased-
array surface coil. Cases underwent imaging in a supine 
position, and SSFP cine images were acquired covering the 
whole left ventricle, continuously from the base to the apex on 
short-axis views and long-axis views (2-, 3-, and 4-chamber) 
covering the whole heart by breath-holding and retrospective 
electrocardiographic (ECG) gating. Typical image parameters 
were as follows: repetition time (TR) =3.1 ms, echo time 
(TE) =1.5 ms, field of view (FOV) =350×350 mm, matrix 
size =176×150, slice thickness =8 mm, slice gaP =2 mm, and  
30 phases per cardiac cycle (Magnetom Prisma); TR =3.2 ms,  
TE =1.4 ms, FOV =340×340, matrix size =224×160, slice 
thickness =8 mm, slice gaP =2 mm, and 25–30 phases per 
cardiac cycle (Discovery MR750). LGE images were acquired 
using the phase-sensitive inversion recovery sequence at  
10–15 minutes following the injection of gadolinium at a 
dosage of 0.15 mmol/kg per bolus. The scan parameters were 
as follows: TR =2.8 ms, TE =1.4 ms, FOV =326×360 mm, 
matrix size =128×192, slice thickness =8 mm, slice gaP =2 mm,  
temporal resolution =42 ms, and 30 phases per cardiac 
cycle (Magnetom Prisma); TR =2.4 ms, TE =1.1 ms, FOV 
=320×320, matrix size =128×128, slice thickness =8 mm, slice 
gaP =2 mm, temporal resolution =48 ms, and 25–30 phases per 
cardiac cycle (Discovery MR750).

CMR image analysis

All CMR images were imported into commercially available 

software (cvi42® version 5.14.2; Circle Cardiovascular 
Imaging, Calgary, Canada), and were subsequently analyzed 
in a blinded fashion by an experienced researcher (Y. Gao 
with more than 5 years of experience in CMR analysis). 
Upon visual inspection, the frames exhibiting the minimal 
blood pool in the midst of the ventricular chamber were 
designated as representing end-systole, whereas those with 
the maximal blood pool were defined as end-diastole. LV 
and RV endocardial and epicardial contours were manually 
drawn using a point-and-click approach in end-systole 
and end-diastole, respectively. Biventricular end-diastolic 
volume (EDV), end-systolic volume (ESV), stroke volume 
(SV), and EF were measured on the short-axis cine images. 
LV mass (LVM) was obtained from the end-diastolic frames. 
Heart rate (HR) was measured during the CMR scan. 
Cardiac output (CO) was obtained by multiplying SV and 
HR. LA volumes were assessed in the 2- and 4-chamber 
views using the biplane area-length method (21).

RA endocardial contours were manually tracked in 
the 4-chamber view. RA maximal volume (RAVmax, at 
the ventricular end-systole), pre-atrial contractile volume 
(RAVpac, at the ventricular diastole before RA contraction), 
and minimal volume (RAVmin, at the late ventricular end-
diastole after RA contraction) were automatically obtained 
according to the single area-length method (21). Total RA 
emptying fraction (RAEF total, corresponding to atrial 
reservoir function), passive RA emptying fraction (RAEF 
passive, corresponding to atrial conduit function), and 
active RA emptying fraction (RAEF booster, corresponding 
to atrial contractile booster pump function) were defined 
as fractional volume changes according to the following 
equations: RAEF total = (RAVmax − RAVmin) × 100/
RAVmax; RAEF passive = (RAVmax × RAVpac) × 100/
RAVmax; and RAEF booster = (RAVpac × RAVmin) × 100/
RAVpac (20).

Biventricular and biatrial volumes were normalized 
to body surface area (BSA). BSA was calculated using 
the Mosteller formula: BSA (m2) = [height (cm) × weight 
(kg)/3,600]1/2.

CMR-FT analysis for RA

RA deformation parameters  were analyzed using 
commercially available software (cvi42® version 5.14.2, 
Circle Cardiovascular Imaging) by a researcher (Y. Gao). 
The basic information of cases, such as age and sex, 
was concealed throughout the CMR-FT analysis. RA 
endocardial and epicardial borders were manually traced in 

https://cdn.amegroups.cn/static/public/QIMS-23-1119-Supplementary.pdf
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the 4-chamber views using a point-and-click approach at 
the minimum RA volume after atrial contraction (11). The 
superior vena cava and RA appendage were excluded from 

the RA endocardial contours and the automated tracking 
algorithm was subsequently applied. Tracking performance 
was visually checked to ensure accurate tracking of the RA 
myocardium and the initial contours were manually adjusted 
when necessary (Figure 1). The longitudinal RA strain and 
SR values were obtained using feature tracking analyses in 
the 4-chamber views. We analyzed 3 aspects of RA strain 
and SR (22): reservoir strain and peak positive SR (εs and 
SRs, corresponding to atrial reservoir function during RV 
end-systole), conduit strain and peak early negative SR (εe 
and SRe, corresponding to atrial conduit function during 
RV early diastole), and booster strain and peak late negative 
SR (εa and SRa, corresponding to atrial booster pump 
function during RV late diastole) (Figure 2).

Reproducibility

The intra- and inter-observer reproducibility for RA 
deformation measurements was evaluated in 40 randomly 
selected DCM patients. Intra-observer reproducibility 
was assessed by the first author who re-analyzed the same 
40 patients after 1 month. Inter-observer reproducibility 
was analyzed by 2 independent observers, blinded to 
measurements (Y. Gao and J. Shi with more than 5 years of 
experience).

Statistical analysis

All statistical analyses were conducted utilizing SPSS 
(version 26.0; IBM Corp., Armonk, NY, USA) and 

Figure 1 An example of RA cardiovascular magnetic resonance-feature tracking analysis in a patient with dilated cardiomyopathy in the 
4-chamber view. RA, right atrial.

Figure 2 RA strain and strain rate curve. RA phasic function 
including reservoir, conduit, and booster pump function. RA εs and 
SRs correspond to reservoir function. RA εe and SRe correspond 
to conduit function. RA εa and SRa correspond to booster pump 
function. RA, right atrial; εs, reservoir strain; εe, conduit strain; εa, 
booster strain; SR, strain rate; SRs, peak positive SR; SRe, peak 
early negative SR; SRa, peak late negative SR.
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GraphPad Prism (version 8.0.2; GraphPad Software, 
La Jolla, CA, USA). Continuous variables following 
normal distribution were depicted as mean ± standard 
deviation (SD), whereas those not normally distributed are 
represented as median (interquartile range). Categorical 
variables were presented as frequencies and percentages. 
Comparison of the continuous variables between the 
2 groups was conducted using the Student’s t-test for 
normally distributed data, the Mann-Whitney U test for 
non-normally distributed data, and the chi-square test for 
categorical variables. Simple linear regression analysis was 
applied to investigate the correlation between NT-pro 
BNP, RAEF, and RA deformation parameters. Correlations 
were deemed weak with a coefficient <0.3, moderate at 
0.3–0.5, and strong when >0.5. Intra- and inter-observer 
reproducibility was analyzed using intraclass correlation 
coefficients (ICC) and Bland-Altman plots. Reproducibility 
was considered as excellent with an ICC exceeding 0.74, 
good within the 0.60–0.74 range, fair from 0.40 to 0.59, 
and poor below 0.40 (23). A 2-sided P value <0.05 was 
considered significant.

Results

Baseline characteristics

The baseline characteristics of the study population are 
shown in Table 1. There were no significant differences in 
gender, age, body height, BSA, and fasting blood glucose 
between the 2 groups (all P>0.05). Compared with healthy 
controls, DCM patients demonstrated significantly higher 
systolic blood pressure (SBP), diastolic blood pressure 
(DBP), and HR (all P<0.05). In the DCM group, 6 patients 
were New York Heart Association (NYHA) class I, 30 were 
NYHA class II, 23 were NYHA class III, and 9 were NYHA 
class IV.

Biventricular and LA conventional parameters

Biventricular and LA structure and function parameters 
are presented in Table 2. Compared with healthy controls, 
patients with DCM demonstrated significantly higher 
LVEDV index (LVEDVi), LVESV index (LVESVi), LV 
mass, RVEDV index (RVEDVi), RVESV index (RVESVi), 
LA maximal volume index (LAVmaxi), LA minimal volume 
index (LAVmini), and LA pre-atrial contractile volume 
index (LAVpaci) (all P<0.05). Moreover, LVSV index 
(LVSVi), LVEF, RVSV index (RVSVi), RV ejection fraction 

(RVEF), and RV cardiac output (RVCO) in DCM patients 
were significantly lower than those in healthy controls 
(all P<0.05). There was no significant difference in LV 
cardiac output (LVCO) between the 2 groups (P=0.63). 
The presence of LGE was observed in 33 of the total DCM 
patients.

RA volumetric and deformation parameters

There was no significant difference in the RAVmax index 
(RAVmaxi) between DCM patients and healthy controls 
(P=0.17). Compared with healthy controls, patients with 
DCM had significantly higher RAVmin index (RAVmini) 
and RAVpac index (RAVpaci), and lower RAEF total, RAEF 
passive, and RAEF booster. RA CMR-FT was successfully 
performed in all cases. The magnitudes of RA deformation 
parameters, including εs, εe, εa, SRs, SRe, and SRa, in 
DCM patients were all significantly lower than those in 
healthy controls (all P<0.05) (Table 3).

Correlation between NT-proBNP, RAEF, and RA 
deformation parameters in DCM patients

Simple linear regression analysis demonstrated weak-to-
moderate correlation between RA εs, εe, and NT-proBNP 
[(εs and NT-proBNP): r=−0.27, P=0.03, 95% confidence 
interval (CI): −0.48 to −0.02; and (εe and NT-proBNP): 
r=−0.48, P<0.001, 95% CI: −0.64 to −0.26] (Table 4). 
Moreover, RA deformation parameters were moderately to 
strongly correlated with RAEFs for RA reservoir, conduit, 
and booster pump function in DCM patients [(εs and RAEF 
total): r=0.64, P<0.001, 95% CI: 0.50 to 0.75; (εe and RAEF 
passive): r=0.41, P=0.001, 95% CI: 0.22 to 0.56; and (εa 
and RAEF booster): r=0.50, P<0.001, 95% CI: 0.34 to 0.64] 
(Table 4, Figure 3).

Reproducibility

Intra- and inter-observer reproducibility for RA deformation 
measurements are shown in Table 5 and Figures 4,5. These 
results demonstrated good-to-excellent reproducibility for 
RA strain and SR derived from CMR-FT with all ICCs 
>0.75 and narrow limits of agreement in Bland-Altman 
plots.

Discussion

To the best of our knowledge, this is the first study to 
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Table 1 Baseline characteristics of the study population

Characteristics DCM (n=68) Healthy controls (n=58) P value

Age (years) 50.6±13.2 48.4±11.2 0.33

Male gender, n (%) 57 (84.0) 47 (81.0) 0.99

Body height (cm) 167.6±7.3 167.7±8.2 0.98 

BMI (kg/m2) 24.5±3.8 23.5±2.6 0.09 

BSA (m2) 1.79±0.19 1.75±0.17 0.30

SBP (mmHg) 125.3±15.2 114.8±11.4 <0.001

DBP (mmHg) 83.1±15.6 73.1±8.7 <0.001

Heart rate (bpm) 76.2±12.5 64.6±8.9 <0.001

NT-proBNP (pg/mL) 1,675.0 (519.8–4,832.5) – –

FBG (mmol/L) 5.44±2.11 5.26±0.52 0.52 

Hypertension, n (%) 28 (41.2) – –

Diabetes, n (%) 12 (17.7) – –

NYHA class, n (%)

I 6 (8.8) – –

II 30 (44.1) – –

III 23 (33.8) – –

IV 9 (13.2) – –

Medication, n (%)

Beta-blocker 58 (85.3) – –

ACEI/ARB 56 (82.4) – –

Calcium blocker 9 (13.2) – –

Diuretics 56 (82.4) – –

Data were presented as percentages in parentheses, means ± standard deviations or median (interquartile range). P values were obtained 
from the Student’s t-test or chi-squared test. DCM, dilated cardiomyopathy; BMI, body mass indexed; BSA, body surface area; SBP, 
systolic blood pressure; DBP, diastolic blood pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; FBG, fasting blood glucose; 
NYHA, New York Heart Association; ACEI/ARB, angiotensin-converting enzyme inhibitors/angiotensin II receptor blockers. 

evaluate RA phasic function in DCM patients using 
CMR-FT. The main findings of the present study were 
the following: (I) CMR-FT is a promising tool for the 
quantitative assessment of RA myocardial deformation in 
DCM patients, with considerably high reproducibility; 
(II) RA reservoir, conduit, and booster pump dysfunction 
were observed in patients with DCM prior to visible RA 
enlargement, as evidenced by the decreased magnitudes 
of RA εs, εe, εa, SRs, SRe, and SRa, and the preserved 
RAVmaxi; (III) there was a significant correlation between 
NT-proBNP, RAEF, and CMR-FT-derived RA deformation 
parameters in DCM patients.

Feasibility and reproducibility of RA deformation 
measurements based on CMR-FT

In the present study, CMR-FT of RA myocardium was 
successfully performed in all DCM patients, highlighting 
its favorable feasibility for evaluating RA phasic function in 
this population. Although CMR-FT is being increasingly 
used to evaluate RA myocardial deformation, there remains 
limited quantitative data concerning the reproducibility of 
these measurements, particularly in patients with DCM. 
Our study addressed this gap and demonstrated that RA 
strain and SR measurements using CMR-FT exhibited good 
intra- and inter-observer reproducibility in DCM patients. 
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Table 2 Comparison of biventricular and left atrial conventional parameters between DCM patients and healthy controls

Variables DCM (n=68) Healthy controls (n=58) P value

Left ventricle

LVEDVi (mL/m2) 150.0±50.2 61.2±9.3 <0.001

LVESVi (mL/m2) 113.6±49.4 19.4±4.9 <0.001

LVSVi (mL/m2) 35.6±8.4 41.8±7.0 <0.001

LVEF (%) 25.6±9.3 68.5±5.9 <0.001

LVCO (L/min) 5.02±1.55 4.90±1.20 0.63

LV mass (g) 173.4±56.4 113.9±23.8 <0.001

LGE, n (%) 33 (48.5) – –

Right ventricle

RVEDVi (mL/m2) 86.1±28.1 70.0±11.7 <0.001

RVESVi (mL/m2) 55.8±25.2 28.3±7.5 <0.001

RVSVi (mL/m2) 30.0±10.3 41.7±6.8 <0.001

RVEF (%) 36.8±12.6 60.0±6.2 <0.001

RVCO (L/min) 4.20±1.69 4.89±1.18 0.01

Left atrium

LAVmaxi (mL/m2) 54.1±28.2 33.1±8.5 <0.001

LAVmini (mL/m2) 41.2±27.8 12.7±4.2 <0.001

LAVpaci (mL/m2) 47.8±27.6 21.7±6.9 <0.001

Data were presented as percentages in parentheses or given as means ± standard deviations. P values were obtained from the Student’s 
t-test. DCM, dilated cardiomyopathy; LVEDVi, LV end-diastolic volume index; LVESVi, LV end-systolic volume index; LVSVi, LV stroke 
volume index; LVEF, LV ejection fraction; LVCO, LV cardiac output; LV, left ventricular; LGE, late gadolinium enhancement; RVEDVi, RV 
end-diastolic volume index; RVESVi, RV end-systolic volume index; RVSVi, RV stroke volume index; RVEF, RV ejection fraction; RVCO, 
RV cardiac output; LAVmaxi, LA maximum volume index; LAVmini, LA minimum volume index; LAVpaci, left pre-atrial contraction volume 
index; RV, right ventricular; LA, left atrial.

This finding aligns with a previous study conducted in 
healthy participants (15). The excellent reproducibility 
observed in RA deformation measurements with CMR-
FT may be attributed to the high spatial resolution and 
image quality provided by CMR. These factors enable 
the clear identification and reliable delineation of the thin 
RA myocardium, enhancing the accuracy of the tracking 
algorithm. Overall, our study underscores the reliability of 
CMR-FT for assessing RA function, supporting its clinical 
utility in the evaluation of DCM patients.

Comparison of RA parameters between DCM patients  
and healthy cases

In accordance with several previous studies based on STE 
or the fast long-axis method (18,24), we demonstrated 

that the RA reservoir, conduit, and booster pump function 
were all impaired in DCM patients, as evidenced by the 
decreased magnitudes of RA εs, εe, εa, SRs, SRe, and 
SRa. The mechanism of RA dysfunction in patients with 
DCM has not been fully elucidated. Secondary pulmonary 
hypertension due to elevated LV filling pressure causes RV 
dysfunction and remodeling, which ultimately results in a 
decline in RA function (25,26). Moreover, RA fibrosis and 
functional tricuspid regurgitation caused by RV dilatation 
in DCM may also be responsible for RA dysfunction (27,28). 
Regarding the presence or absence of RA enlargement 
in patients with DCM, results had been controversial. 
Specifically, Bogaert et al. (29) reported that DCM patients 
with RV dysfunction had greater indexed RA area compared 
with healthy volunteers, whereas Järvinen et al. (30) found 
that RA maximum volume was comparable between mildly 
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Table 3 Comparison of RA parameters between the DCM patients and healthy controls

Variables DCM (n=68) Healthy controls (n=58) P value

RA volume index (mL/m2)

RAVmaxi 38.9±15.0 35.9±8.0 0.17

RAVmini 24.6±13.2 18.9±4.8 0.002

RAVpaci 33.1±13.8 28.7±6.8 0.03

RA function volumetric (%)

RAEF total 39.5±12.4 47.4±6.3 <0.001

RAEF passive 15.6±7.8 19.9±7.0 0.002

RAEF booster 28.6±11.5 34.1±7.6 0.002

RA strain (%)

εs 19.7±9.0 44.4±9.7 <0.001

εe 7.9±5.3 25.8±8.6 <0.001

εa 11.8±6.2 18.6±5.1 <0.001

RA strain rate (s−1)

SRs 1.17±0.48 1.92±0.62 <0.001

SRe −0.85±0.56 −1.94±0.63 <0.001

SRa −1.39±0.71 −2.01±0.65 <0.001

Data were presented as means ± standard deviations. P values were obtained from the Student’s t-test. RA, right atrial; DCM, dilated 
cardiomyopathy; RAVmaxi, RA maximum volume index; RAVmini, RA minimum volume index; RAVpaci, right pre-atrial contraction volume 
index; RAEF, RA emptying fraction; εs, reservoir strain; εe, conduit strain; εa, booster strain; SRs, peak positive SR; SRe, peak early 
negative SR; SRa, peak late negative SR; SR, strain rate.

Table 4 Association of NT-proBNP and RAEF with RA strain and SR in the DCM group (n=68)

Variables
NT-proBNP RAEF total RAEF passive RAEF booster

r 95% CI P value r 95% CI P value r 95% CI P value r 95% CI P value

RA εs −0.27 (−0.48, −0.02) 0.03 0.64 (0.50, 0.75) <0.001 0.36 (0.17, 0.52) 0.003 0.61 (0.46, 0.72) <0.001

RA εe −0.48 (−0.64, −0.26) <0.001 0.52 (0.36, 0.65) <0.001 0.41 (0.22, 0.56) 0.001 0.44 (0.26, 0.59) <0.001

RA εa 0.00 (−0.25, 0.24) 0.99 0.48 (0.31, 0.62) <0.001 0.17 (−0.03, 0.36) 0.16 0.50 (0.34, 0.64) <0.001

RA SRs −0.27 (−0.49, −0.03) 0.03 0.48 (0.31, 0.62) <0.001 0.40 (0.22, 0.56) 0.001 0.36 (0.17, 0.53) 0.002

RA SRe 0.28 (0.03, 0.49) 0.02 −0.43 (−0.58, −0.25) <0.001 −0.47 (−0.62, −0.30) <0.001 −0.25 (−0.43, −0.05) 0.04

RA SRa −0.10 (−0.34, −0.14) 0.40 −0.44 (−0.59, −0.26) <0.001 −0.26 (−0.44, −0.07) 0.03 −0.39 (−0.55, −0.21) 0.001

P values were obtained from the simple linear regression analysis. NT-proBNP, N-terminal pro-brain natriuretic peptide; RAEF, RA emptying 
fraction; RA, right atrial; SR, strain rate; DCM, dilated cardiomyopathy; CI, confidence interval; εs, reservoir strain; εe, conduit strain; εa, 
booster strain; SRs, peak positive SR; SRe, peak early negative SR; SRa, peak late negative SR. 

symptomatic DCM patients and healthy cases. In the 
present study, we observed no significant difference in 
RAVmaxi between DCM patients and healthy controls. 
The authors speculated that the differences in baseline 

characteristics and disease progression of patients may be 
responsible for these discrepancies among studies. Overall, 
our observations suggested that RA dysfunction may occur 
prior to RA enlargement in patients with DCM.
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Figure 3 Correlation between RA strain and RAEF for RA reservoir (A), conduit (B) and booster (C) pump function in dilated 
cardiomyopathy patients. RA, right atrial; εs, reservoir strain; εe, conduit strain; εa, booster strain; RAEF, RA emptying fraction.
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Table 5 Intra-observer and inter-observer reproducibility for RA deformation parameters in the DCM group (n=40)

Variables
Intra-observer Inter-observer

Mean difference ± SD ICC (95% CI) Mean difference ± SD ICC (95% CI)

εs (%) 0.69±3.75 0.916 (0.847–0.954) 0.13±3.62 0.911 (0.839–0.952)

εe (%) 0.71±2.41 0.912 (0.838–0.953) 0.01±2.43 0.901 (0.820–0.946)

εa (%) −0.02±2.83 0.888 (0.798–0.939) 0.13±3.03 0.872 (0.771–0.930)

SRs (s−1) 0.02±0.30 0.829 (0.699–0.906) −0.01±0.34 0.786 (0.631–0.881)

SRe (s−1) 0.04±0.29 0.848 (0.732–0.916) 0.02±0.37 0.781 (0.622–0.878)

SRa (s−1) 0.01±0.34 0.874 (0.774–0.931) 0.04±0.43 0.815 (0.678–0.898)

RA, right atrial; DCM, dilated cardiomyopathy; SD, standard deviation; ICC, intraclass correlation coefficient; CI, confidence interval; εs, reservoir 
strain; εe, conduit strain; εa, booster strain; SRs, peak positive; SRe, peak early negative SR; SRa, peak late negative SR; SR, strain rate. 

Association of NT-proBNP and RAEF with RA 
deformation parameters in the DCM group

NT-proBNP is a neurohormone synthesized and released 
by the atrial cells, which is considered a useful and 
reliable biomarker in diagnosing and predicting HF (31). 
Additionally, it has been shown to be valuable in risk 
stratification for various cardiovascular diseases (32,33). In 
this study, we confirmed a significant correlation between 
RA εs, εe, SRs, SRe, and NT-proBNP, suggesting that 
RA deformation parameters may provide valuable insight 
into the progression or severity of DCM. Moreover, we 
observed significant correction between CMR-FT-derived 
RA deformation parameters and RAEFs for atrial reservoir, 
conduit, and booster pump function, which was consistent 
with previous studies (34,35).

Clinical utility

Contrary to the perception of being a passive chamber, the 
right atrium plays an essential role in modulating ventricular 

filling and maintaining normal cardiac hemodynamics: as a 
reservoir during RV systole, a conduit from the vena cava and 
coronary sinus to the RV during early diastole and a booster 
pump in late diastole (11). Previous studies have reported 
that RA function is tightly related to morbidity and mortality 
of multiple cardiovascular diseases, such as pulmonary 
hypertension, HF, and myocardial infarction (36-38). 
Furthermore, evidence indicates that over 20% of patients 
with DCM exhibit a higher risk of pulmonary hypertension, 
and the longer the duration of DCM, the higher the 
likelihood of developing pulmonary hypertension (39),  
indicating a potential presence of right heart dysfunction 
in DCM. Our study further supports this notion by 
demonstrating RA phasic dysfunction in DCM patients. 
Therefore, the quantitative evaluation of RA deformation 
parameters may contribute to the early diagnosis, risk 
stratification, and prognosis assessment in DCM patients. 
By providing insights into RA function, CMR-FT offers a 
promising noninvasive approach to assess the subtle changes 
in the right atrium, potentially aiding in the management 
and decision-making process for DCM patients.
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Figure 4 Bland-Altman plots for intra- and inter-observer reproducibility of RA εs, εe, and εa. SD, standard deviation; RA, right atrial; εs, 
reservoir strain; εe, conduit strain; εa, booster strain.
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Moreover, regarding post-processing time, RAEF takes 
approximately 3 minutes, which is slightly longer than the 
RA strain measurement, typically around 1–2 minutes. The 
process differs as RAEF requires delineation of the RA 
contour at 3 different cardiac phases (LV end-systole, pre-
atrial contraction, and LV end-diastole phase), whereas RA 
strain necessitates outlining only at the end of LV diastole. 
Both methods have be shown to be robust for measuring 
RA function, but RA strain may be more time-efficient due 
to its simpler procedure.

Limitations

There are several limitations in the present study. First, 
this was a retrospective study with a relatively small sample 
size, which may be subjected to selection bias. However, 

as a feasibility and reproducibility study, the sample size 
was sufficient to respond to its main objective. Second, 
the present study was conducted within an Eastern-only 
population. Given the potential racial differences in RA 
deformation parameters, our results should be carefully 
extrapolated to other ethnic groups. Third, we did not 
perform direct comparisons with STE, as this technique was 
not available at the time of CMR examination. Finally, we 
did not investigate the prognostic value of RA strain and SR 
in DCM patients, which needs further exploration in future 
research. Nevertheless, the findings herein may offer a tool 
for assessing such prognostic value.

Conclusions

CMR-FT emerges as a promising approach for the 
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Figure 5 Bland-Altman plots for intra- and inter-observer reproducibility of RA SRs, SRe, and SRa. SD, standard deviation; RA, right atrial; 
SRs, peak positive SR; SRe, peak early negative SR; SRa, peak late negative SR; SR, strain rate. 
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quantitative assessment of RA myocardial deformation 
in patients with DCM. Compared with healthy controls, 
DCM patients exhibit impaired RA reservoir, conduit, and 
booster pump function prior to visible RA enlargement. 
The findings of this study highlight the potential clinical 
utility of CMR-FT in evaluating RA function and its role 
in the early detection and management of DCM. However, 
further research with larger, more diverse cohorts and long-
term follow-up is needed to validate the clinical significance 
of CMR-FT-derived RA deformation parameters in 
assisting clinical decision-making and improving patient 
outcomes.
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