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INTRODUCTION

Functional tricuspid regurgitation (TR) is a sequel of left-
sided heart disease or pulmonary hypertension, and it can 
cause right ventricular (RV) dysfunction and remodeling 
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Objective: To investigate the prognostic value of preoperative cardiac magnetic resonance imaging (MRI) for long-term major 
adverse cardiac and cerebrovascular events (MACCEs) in patients undergoing tricuspid valve (TV) surgery for functional 
tricuspid regurgitation (TR).
Materials and Methods: The preoperative cardiac MR images, New York Heart Association functional class, comorbidities, 
and clinical events of 78 patients (median [interquartile range], 59 [51–66.3] years, 28.2% male) who underwent TV surgery 
for functional TR were comprehensively reviewed. Cox proportional hazards analyses were performed to assess the associations 
of clinical and imaging parameters with MACCEs and all-cause mortality.
Results: For the median follow-up duration of 5.4 years (interquartile range, 1.2–6.6), MACCEs and all-cause mortality were 
51.3% and 23.1%, respectively. The right ventricular (RV) end-systolic volume index (ESVI) and the systolic RV mass index 
(RVMI) were higher in patients with MACCEs than those without them (77 vs. 68 mL/m2, p = 0.048; 23.5 vs. 18.0%, p = 0.011, 
respectively). A high RV ESVI was associated with all-cause mortality (hazard ratio [HR] per value of 10 higher ESVI = 1.10, 
p = 0.03). A high RVMI was also associated with all-cause mortality (HR per increase of 5 mL/m2 RVMI = 1.75, p < 0.001). 
After adjusting for age and sex, only RVMI remained a significant predictor of MACCEs and all-cause mortality (p < 0.05 
for both). After adjusting for multiple clinical variables, RVMI remained significantly associated with all-cause mortality (p = 
0.005).
Conclusion: RVMI measured on preoperative cardiac MRI was an independent predictor of long-term outcomes in patients who 
underwent TV surgery for functional TR.
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with tethering of the tricuspid valve (TV) leaflets, tricuspid 
annular dilation, and/or papillary muscle displacement 
[1]. Therefore, functional TR is frequently found in mitral 
valve disease, where it accounts for 30–50% of patients 
with severe mitral valve regurgitation [2,3]. In the past, 
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surgical treatment of the mitral valve in these patients 
was considered to be a correction of tricuspid pathology; 
conservative treatment was therefore recommended for 
functional TR [4,5], and its significance was largely ignored. 
Severe TR is associated with a worse long-term prognosis, 
regardless of the presence or absence of left ventricular 
systolic dysfunction or pulmonary hypertension [2,6]. 
Therefore, surgical and interventional treatment for TR has 
been receiving attention [7]. 

It has been recommended that the timing of surgical 
treatment for functional TR should be determined using 
the duration of left-sided surgery and RV enlargement or 
dysfunction [8]. However, severe functional TR also leads 
to RV dilatation and dysfunction [1,9]. Therefore, accurate 
and timely evaluation of RV function and dimensions is 
important. Clinical decision-making in patients with TR is 
based on the categorization of TR by echocardiography, but 
this remains a challenging task with limitations [10]. The 
current American Society of Echocardiography guidelines 
suggest the potential role of cardiac magnetic resonance 
imaging (MRI), which has been used as a gold standard for 
the determination of RV morphology and function because it 
provides excellent myocardial definition and high accuracy 
and reproducibility for the evaluation of the RV [11].

Previous studies on preoperative imaging modalities for 
functional TR have indicated the role of cardiac MRI [9,12]. 
The preoperative cardiac MRI-based RV ejection fraction 
(RVEF) was predictive of adverse outcomes in patients with 
severe functional TR in a previous study [12], but the study 
population was limited to those with isolated TR, despite 
the frequent association of TR with mitral valve disease. 
Therefore, it was not clear if other cardiac MR-derived 
parameters, including the RVEF, are associated with poor 
outcomes in patients undergoing TV surgery for functional 
TR with or without significant left-sided heart disease (i.e., 
moderate to severe mitral or aortic regurgitation or stenosis). 
Therefore, the purpose of this study was to investigate the 
prognostic value of factors derived from preoperative cardiac 
MRI for predicting the long-term outcomes of patients who 
underwent TV surgery for functional TR.

MATERIALS AND METHODS

Study Patients
This retrospective study was approved by the Institutional 

Review Board of Asan Medical Center Hospital, and the 
requirement for informed consent was waived (approval 

number: 2015-0470). Between January 2008 and February 
2014, 841 patients underwent TV surgery at our hospital 
(Fig. 1). Among them, 111 had undergone preoperative 
cardiac MRI, and 78 with severe functional TR were finally 
identified after excluding those with mild to moderate TR 
and/or concomitant significant coronary artery disease. 
The surgeries were performed by four experienced cardiac 
surgeons, each with more than 8 years of experience. 
Patients with primary TR were excluded based on imaging 
or surgical findings. Primary TR was considered as TR due 
to structural deterioration of TV leaflets and/or chordae by 
rheumatic, degenerative, congenital, infective, traumatic, or 
iatrogenic causes. Functional TR was defined as incomplete 
coaptation of TV leaflets secondary to the deformation 
of the TV apparatus, especially the dilatation of the TV 
annulus, and consequent TR jet area in the right atrium 
and combined systolic flow reversal in the hepatic veins 
[13]. The patients’ clinical findings, including the New 
York Heart Association (NYHA) class before TR surgery, 
preoperative echocardiography results, and the presence of 
comorbidities, were thoroughly reviewed. Medical records 
of the perioperative period, including laboratory findings, 
medication use, vital signs, and operation records, were also 
reviewed. Follow-up data, including mortality data, were 
obtained from the electronic medical records through May 
22, 2019, and the nationwide data on death certification 

Underwent TV surgery
between January 2008 and February 2014

(n = 841)

Underwent preoperative cardiac MR
(n = 111)

Functional TR
(n = 101)

Severe functional TR
(n = 78)

• Minimal TR (n = 2)
• Mild TR (n = 13)
• �Concomitant significant coronary artery 

disease* (n = 8)

• Rheumatic TR (n = 5)
• Degenerative TR (n = 5)

Fig. 1. Flowchart for patient selection. *Two or three vessel 
disease on preoperative coronary angiography. TR = tricuspid 
regurgitation, TV = tricuspid valve
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provided by the National Statistical Office were reviewed. 
The study endpoints were major adverse cardiovascular or 
cerebrovascular events (MACCEs) and all-cause mortality. 
The MACCEs were defined as all-cause death, myocardial 
infarction, stroke, rehospitalization due to cardiac causes, 
and reintervention or surgery.

Echocardiography
Preoperative echocardiographic examinations were 

performed according to standard guidelines using 
commercially available equipment (General Electric, Philips 
Healthcare, Siemens) [14]. Routine four-chamber, left and 
right two-chamber, and short-axis views were acquired, 
and the TR jet area, peak TR velocity, and pulmonary artery 
systolic pressure, estimated by the peak trans-tricuspid 
pressure gradient, were carefully obtained. The qualitative 
grading of TR was performed by echocardiography experts 
according to the guidelines of the Journal of the American 
Society of Echocardiography (three grades: mild, moderate, 
and severe) [15].

Cardiac MRI
The median interval between cardiac MRI and TV surgery 

was 8 days (interquartile range, 3–24). All cardiac MRI 
scans were performed using a 1.5T scanner (Magnetom 
Avanto; Siemens Healthcare) with standard protocols [16]. 
Steady-state free-precession cine images were obtained 
during a patient’s breath-hold, and both ventricular wall 
motions were imaged. The MRI parameters included the 
following: repetition time/echo time, 37.1/1.9 ms; flip 
angle, 68°; matrix, 256 x 256; field of view, 253 x 300 
mm. The late gadolinium enhancement (LGE) images 
were obtained 10 minutes after the administration of 
0.2 mmoL/kg intravenous gadolinium chelate contrast 
agent with magnitude-only inversion recovery and phase-
sensitive inversion recovery sequence reconstruction. The 
MRI parameters included the following: repetition time/
echo time, 700.0/1.2 ms; flip angle, 80°; matrix, 256 x 
256; field of view, 238 x 349; inversion time, 300 ms for 
nulling of the normal myocardial signal. The contrast agent 
was administered to 96.2% (75 of 78) of the patients. The 
entire short-axis images of the heart were obtained using an 
8-mm thickness without an intersection gap from the heart 
apex to above the valve plane, with the entire ventricular 
volumes being included. LV and RV volumetric analyses were 
performed by one radiologist (a board-certified radiologist 
with 6 years of experience in cardiovascular imaging) 

using dedicated software (CVI42; Circle Cardiovascular 
Imaging; Fig. 2). The papillary muscles and trabeculations 
were excluded, as described in a previous study [17]. 
Another radiologist (a resident in training with 3 years 
of experience in cardiovascular imaging) independently 
conducted RV volumetric analysis using the same dedicated 
software to evaluate the reproducibility of the RV functional 
parameters derived from cardiac MRI. The LV and RV end-
diastolic and end-systolic volume, stroke volume, ejection 
fraction, and myocardial masses were measured, and the 
myocardial masses were assessed in both end-systolic and 
end-diastolic phase images. Ventricular volume indices and 
myocardial mass indices were calculated by normalizing 
the patients’ body surface areas. For quantification of 
LV LGE, endomyocardial and epimyocardial borders were 
manually drawn. LGE was calculated semiautomatically as 
a percentage of LV mass and was defined as presenting 
an intensity five standard deviation above the normal 
myocardium (dedicated using a region of interest). 

Statistical Analysis
Continuous variables are presented as median and 

interquartile range, and categorical data are presented as 
numbers with percentages in parentheses. For comparisons 
between patients with and without MACCEs, the student’s t 
test and the Mann-Whitney U-test were used for continuous 
data, and the chi-square test or Fisher’s exact test was used 
for categorical variables. Cox proportional hazards analysis 
was used to identify the predictors of MACCEs or all-cause 
mortality. Variables with a p < 0.10, in the univariable 
analyses, were included in the features for the multivariable 
models. To avoid multicollinearity, RV function parameters 
were not simultaneously entered into the multivariable 
models. Receiver operating characteristic (ROC) curves for 
predicting MACCEs or all-cause mortality were drawn for the 
statistically significant RV parameters measured on cardiac 
MRI. The areas under the ROC curves (AUCs) were assessed 
to evaluate the predictive power of the RV parameters. 
Kaplan-Meier curves for MACCE-free survival and overall 
survival (i.e., without all causes of mortality) were created 
using cut-off values for the RV parameters obtained from 
the ROC curves. The log-rank test was used to compare the 
curves stratified by the optimal cut-off values. The optimal 
cut-off values were determined using the minimum p value 
method [18]. Interclass correlation coefficients (ICCs) 
were used to evaluate the agreement of the two observers 
during the RV volumetric analysis. ICC values between 
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0.50 and 0.75 were considered indicative of moderate 
agreement, those between 0.75 and 0.90 were considered 
indicative of good agreement, and those above 0.90 were 
indicative of excellent agreement [19]. Statistical analyses 
were performed using SPSS (version 21.0; IBM Corp.) and 
the R package (version 3.1.1; R Foundation of Statistical 
Imaging). p value < 0.05 was considered indicative of 
statistical significance. 

RESULTS

Patient Characteristics
The baseline clinical characteristics of the patients are 

summarized in Table 1. The median follow-up duration for 
all the patients was 5.4 years (interquartile range, 1.2–6.6 
years). MACCEs occurred in 40 patients during the median 
follow-up of 1.4 years (interquartile range, 0.1–4.6 years). 

A breakdown of the MACCEs is provided in Supplementary 
Table 1. The all-cause mortality rate was 23.1% (n = 18). 
Half of the patients (51.3%) had concurrent significant 
mitral valve disease, and 9.0% had aortic valve disease. 
However, the percentages of patients with and without 
MACCEs who had left heart disease were not significantly 
different. Among the 78 patients, 39 (50.0%) underwent 
tricuspid annuloplasty, 14 (17.9%) underwent tricuspid 
valvuloplasty, 24 (30.8%) had TV replacement, and one 
(1.2%) had both tricuspid annuloplasty and valvuloplasty. 
Forty (47.4%) patients had undergone prior valve surgery (TV 
surgery, 7; mitral valve surgery, 22; aortic valve surgery, 8). 
The operation-related results and outcomes are described in 
the Supplementary Table 2.

Echocardiography and Cardiac MR Parameters
Among the echocardiographic parameters, only the TR jet 

Fig. 2. Short-axis MR images with RV manual contouring during end-systole (A, B) and end-diastole phases (C, D). Yellow and blue 
lines indicate endomyocardial and epimyocardial RV borders, respectively. Left ventricular endomyocardial and epimyocardial borders are drawn in 
red and green lines, respectively. Myocardial trabeculation and papillary muscles are excluded from the contouring. RV = right ventricle

A

C

B

D
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Table 1. Baseline Clinical Characteristics according to MACCE

All Patients 
(n = 78)

Patients without MACCE 
(n = 38)

Patients with MACCE
(n = 40)

P

Age, years 59.0 (51.0–66.3) 56.0 (46.5–64.5) 62.0 (55.0–66.8) 0.08

Sex, male 22 (28.2) 10 (26.3) 12 (30.0) 0.72

Comorbidity

DM 14 (17.9)   7 (18.4)   7 (17.5) 0.92

Hypertension 18 (23.1)   9 (23.7)   9 (22.5) 0.90

Hyperlipidemia 13 (16.7)   9 (23.7)   4 (10.0) 0.11

Dialysis 2 (2.6) 0 (0.0) 2 (5.0) 0.49

Congestive hepatopathy 2 (2.6) 0 (0.0) 2 (5.0) 0.49

Atrial fibrillation 45 (57.7) 19 (50.0) 26 (65.0) 0.18

COPD 2 (2.6) 1 (2.6) 1 (2.5) 0.97

Medication use

ACE inhibitor or ARB 39 (50.0) 16 (42.1) 23 (57.5) 0.26

Beta blocker 20 (25.6) 12 (31.6)   8 (20.0) 0.30

Diuretics 63 (80.8) 28 (73.7) 35 (87.5) 0.16

Digoxin 41 (52.6) 19 (50.0) 22 (55.0) 0.82

Calcium channel blocker 13 (16.7)   6 (15.8)   7 (17.5) 1.00

Antiplatelet 10 (12.8)   6 (15.8)   4 (10.0) 0.51

Anticoagulant 47 (60.3) 21 (55.3) 26 (65.0) 0.49

Antidiabetic agent 14 (17.9)   7 (18.4)   7 (17.5) 0.92

Antidyslipidemic agent 13 (16.7)   9 (23.7)   4 (10.0) 0.11

Laboratory findings

Hemoglobin, g/dL 12.3 (10.9–13.2) 12.4 (10.7–13.4) 12.1 (11.0–13.1) 0.62

eGFR, mL/min/1.73 m2 71.0 (58.8–90.0) 78.5 (65.8–90.0) 68.0 (55.3–86.0) 0.11

Aspartate aminotransferase, IU/mL 26.0 (21.0–32.0) 24.0 (21.0–30.0) 29.0 (20.0–33.0) 0.14

Alanine aminotransferase, IU/mL 19.0 (14.0–22.3) 18.5 (14.0–22.3) 19.0 (12.0–22.0) 0.76

Prothrombin time, INR 1.2 (1.1–1.5) 1.1 (1.0–1.5) 1.2 (1.1–1.5) 0.28

Initial vital signs

Systolic BP, mm Hg 109.5 (100.0–117.0) 108.0 (100.0–117.3) 110.0 (100.0–113.0) 0.74

Diastolic BP, mm Hg 67.5 (60.0–74.3) 67.0 (60.0–73.3) 69.0 (60.0–77.0) 0.92

Heart rate 69.0 (60.0–80.0) 66.0 (60.0–80.0) 70.0 (61.0–80.0) 0.43

Respiratory rate 18.0 (18.0–20.0) 18.0 (18.0–20.0) 18.0 (18.0–20.0) 0.48

Body temperature, °C 36.4 (36.2–36.6) 36.4 (36.2–36.6) 36.4 (36.2–36.7) 0.79

Preoperative NYHA classification 0.13

I 16 (20.5)   7 (18.4)   9 (22.5)

II 38 (48.7) 23 (60.5) 15 (37.5)

III 22 (28.2)   8 (21.1) 14 (35.0)

IV 2 (2.6) 0 (0.0) 2 (5.0)

Other valve pathology

Moderate to severe MS or MR 40 (51.3) 17 (44.7) 23 (57.5) 0.26

Moderate to severe AS or AR 7 (9.0)   4 (10.5) 3 (7.5) 0.71

Moderate pulmonary regurgitation 4 (5.1) 1 (2.6) 3 (7.5) 0.62

Operation type 0.98

Tricuspid annuloplasty 39 (50.0) 20 (52.6) 19 (47.5)

Tricuspid valvuloplasty 14 (17.9)   7 (18.4)   7 (17.5)

TV replacement 24 (30.8) 11 (28.9) 13 (32.5)

Tricuspid annuloplasty & valvuloplasty 1 (1.2) 0 (0.0) 1 (2.5)
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area showed a significant difference in the patient groups; 
it was larger in patients with MACCEs than in those without 
MACCEs (21.0% vs. 16.0%, p = 0.007; Table 2). The RV 
ESVI measured on MRI was higher in patients with than 
those without MACCEs (77 vs. 68, p = 0.048), but the RV 
end-diastolic volume index (EDVI) showed no significant 
difference in the two groups. Systolic RV mass index (RVMI) 
was higher in patients with than in those without MACCEs 
(23.5 vs. 18.0%, p = 0.011). No MRI-derived LV functional 
parameters were significantly different in the two groups. 
The reproducibility of the RV functional parameters derived 
from cardiac MRI ranged from good to excellent (Table 3).

Outcome Analysis
Table 4 lists the univariable predictors of MACCEs and all-

cause mortality. Among the clinical parameters, old age and 
dialysis status were associated with MACCEs and all-cause 
mortality. Among the echocardiography parameters, the TR 
jet area revealed an association with MACCEs and all-cause 
mortality, whereas LV EDV and LV ESV were associated with 
all-cause mortality. Among the cardiac MRI parameters, 
diastolic and systolic RVMI were associated with MACCEs 
and all-cause mortality. RVEF, RV EDVI, RV ESVI, LV?EDVI, LV 
ESVI, and diastolic and systolic LVMI showed associations 
with all-cause mortality, but LV LGE as a % of LV mass was 

the only left-sided parameter associated with MACCEs. 
Cox proportional hazard analyses adjusted for age, sex, 

TR jet area, and dialysis were performed for three cardiac 
MRI-measured parameters: systolic RVMI, RV ESVI, and RVEF 
(Table 5). A systolic RVMI of 5 g/m2 was associated with 
a 34% higher risk of MACCEs and a 75% higher risk of all-
cause mortality (p = 0.009 and p < 0.001, respectively). A 
10 mL/m2 higher RV ESVI was associated with 10% higher 
all-cause mortality (p = 0.03), whereas a 5% higher RVEF 
was associated with an 18% lower all-cause mortality (p = 
0.09). The association between systolic RVMI and MACCEs 
did not change when adjusted for age, sex, and TR jet 
area, likewise the association with all-cause mortality until 
adjustment for dialysis. However, RV ESVI and RVEF revealed 
no association when adjusted for age and sex.

On ROC curve analysis, the AUC, cut-off value, sensitivity, 
and specificity of RV ESVI were 0.630, 72.0 mL/m2, 62.5%, 
and 63.2%, respectively, for predicting MACCEs and 0.781, 
74.0 mL/m2, 83.3%, and 66.7%, respectively, for predicting 
all-cause mortality (Fig. 3). The corresponding values for 
systolic RVMI were 0.666, 22.0 g/m2, 57.5%, and 76.3%, 
respectively, for predicting MACCEs and 0.822, 22.0 g/m2, 
88.9%, and 73.3%, respectively, for predicting all-cause 
mortality. For RVEF, the AUCs were < 0.5 for predicting MACCEs 
and all-cause mortality (0.437 and 0.364, respectively). 

Table 1. Baseline Clinical Characteristics according to MACCE (Continued)

All Patients 
(n = 78)

Patients without MACCE 
(n = 38)

Patients with MACCE
(n = 40)

P

Combined operation
Mitral valve surgery 47 (60.3) 22 (57.9) 25 (62.5) 0.68
Aortic valve surgery   9 (11.5)   4 (10.5)   5 (12.5) 1.00
Pulmonary valve surgery 2 (2.6) 1 (2.6) 1 (2.5) 1.00
Maze operation 40 (51.3) 19 (50.0) 21 (52.5) 0.83
Left atrial reduction 21 (26.9) 10 (26.3) 11 (27.5) 0.91
Right atrial reduction 25 (32.1)   9 (23.7) 16 (40.0) 0.12
Glenn shunt 3 (3.8) 1 (2.6) 2 (5.0) 1.00

Number of TV operations* 0.76
Redo 18 (23.1)   7 (18.4) 11 (27.5)
Trido 5 (6.4) 3 (7.9) 2 (5.0)

Previous valve operation
TV operation history 7 (9.0) 3 (7.9) 4 (10.0) 1.00
Mitral valve operation history 22 (28.2)   8 (21.1) 14 (35.0) 0.17
Aortic valve operation history 8 (9.3) 3 (7.9)   5 (12.5) 0.71

Data are median and interquartile range, or number with percentage in parentheses. *Number of surgeries includes the dedicated 
operation after obtaining cardiac MRI. ACE = angiotensin-converting enzyme, AR = aortic regurgitation, ARB = angiotensin II receptor 
blocker, AS = aortic stenosis, BP = blood pressure, COPD = chronic obstructive pulmonary disease, DM = diabetes mellitus, eGFR = 
estimated glomerular filtration rate, INR = international normalized ratio, MACCE = major adverse cardiovascular event, MR = mitral 
regurgitation, MS = mitral stenosis, NYHA = New York Heart Association, TV = tricuspid valve
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Stratifying the patients by the cut-off values determined by 
the ROC analysis, we conducted a Kaplan-Meier curve analysis 
to determine MACCE-free survival and overall survival (Fig. 
4). The curves showed statistically significant differences 
between the two groups when stratified by RV ESVI cut-off 
values of 72.0 mL/m2 for the prediction of MACCEs and 74.0 
mL/m2 for the prediction of all-cause mortality (log-rank, p = 
0.043 and p < 0.001, respectively); the same was observed 
when stratified by systolic RVMI cut-offs of 22.0 g/m2 for 
MACCE and all-cause mortality predictions (log-rank, p = 0.017 
and p < 0.001, respectively).

DISCUSSION

This retrospective observational study found that in 
patients who underwent TV surgery for severe functional 

TR, cardiac MRI-measured RV ESVI and systolic RVMI were 
significantly higher in those with than in those without 
MACCEs or all-cause mortality. Systolic RVMI was also an 
independent predictor of MACCEs and all-cause mortality, 
whereas RV ESVI was a predictor of all-cause mortality but 

Table 2. Baseline Echocardiography and Cardiac MRI Parameters according to MACCE

Parameters
All Patients 

(n = 78)
Patients without MACCE 

(n = 38)
Patients with MACCE 

(n = 40)
P

Echocardiography
Right-side parameters 

TV or TR jet area, cm2 19.0 (14.0–26.0) 16.0 (13.3–21.8) 21.0 (16.5–34.0) 0.01
Peak TR velocity, m/s 2.0 (2.7–3.6) 3.1 (2.7–3.6) 3.0 (2.6–3.6) 0.79
PA systolic pressure, mm Hg 36.0 (29.0–52.0) 37.0 (29.5–51.3) 36.0 (26.5–57.8) 0.79
RV tissue Doppler (S’), cm/s 9.9 (8.2–11.2) 9.9 (8.4–11.4) 9.9 (8.2–11.3) 0.78

Left-side parameters
LVEF, % 58.5 (54.3–63.0) 58.3 (54.4–63.8) 58.5 (53.8–62.6) 0.67
LV ESVI, mL/m2 41.5 (28.0–58.3) 41.0 (29.3–54.5) 39.5 (27.0–63.3) 0.88
LV EDVI, mL/m2 99.5 (72.5–135.0) 98.0 (75.0–124.8) 98.5 (63.8–138.3) 0.80
LVMI, g/m2 104.8 (82.1–140.0) 101.0 (74.5–137.0) 110.2 (84.5–138.9) 0.29

Cardiac MRI
TV annulus maximum diameter, mm 45.1 (40.7–49.9) 44.8 (40.4–48.9) 45.5 (40.9–51.5) 0.42
TV annulus minimum diameter, mm 38.5 (34.7–42.1) 36.8 (33.5–41.1) 40.1 (36.6–42.2) 0.09
Right-side parameters

RVEF, % 46.5 (37.0–52.3) 46.0 (41.0–53.3) 45.5 (35.0–52.0) 0.38
RV ESVI, mL/m2 71.5 (51.5–94.3) 68.0 (47.3–87.3) 77.0 (58.5–95.0) 0.048
RV EDVI, mL/m2 126.0 (102.0–174.5) 123.0 (87.0–150.0) 133.5 (110.8–186.3) 0.10
Systolic RVMI, g/m2 20.0 (15.8–25.0) 18.0 (14.0–21.8) 23.5 (17.0–26.3) 0.01
Diastolic RVMI, g/m2 25.0 (21.0–32.0) 23.5 (19.5–28.3) 26.5 (22.0–33.0) 0.05

Left-side parameters
LVEF, % 48.0 (41.0–55.3) 50.0 (42.0–56.8) 46.5 (37.0–55.0) 0.17
LV ESVI, mL/m2 56.0 (37.0–76.3) 55.5 (37.0–70.5) 57.0 (39.3–77.8) 0.43
LV EDVI, mL/m2 104.0 (80.0–145.5) 99.5 (74.3–141.0) 108.0 (80.0–149.8) 0.69
Systolic LVMI, g/m2 50.0 (41.0–67.3) 48.5 (41.0–64.0) 54.5 (43.0–68.8) 0.12
Diastolic LVMI, g/m2 58.0 (48.0–72.3) 57.0 (47.0–70.3) 58.5 (51.0–78.3) 0.20
LV LGE, % 1.0 (0.0–1.0) 0.0 (0.0–1.4) 0.5 (0.0–3.2) 0.06

Data are median and interquartile range, or number with percentage in parentheses. EDVI = end-diastolic volume index, EF = ejection 
fraction, ESVI = end-systolic volume index, LGE = late gadolinium enhancement, LV = left ventricle, MACCE = major adverse cardiac and 
cerebrovascular event, MI = mass index, PA = pulmonary artery, RV = right ventricle, TR = tricuspid regurgitation, TV = tricuspid valve

Table 3. ICCs for Inter-Observer Agreement on RV Functional 
Parameters Derived from Cardiac MRI

Variables ICC P
RVEF 0.986 (0.974–0.949) < 0.001
RV EDVI 0.835 (0.682–0.918) < 0.001
RV ESVI 0.973 (0.945–0.987) < 0.001
Diastolic RVMI 0.919 (0.838–0.961) < 0.001
Systolic RVMI 0.915 (0.829–0.959) < 0.001

Data in parentheses are 95% confidence intervals. EDVI = end-
diastolic volume index, EF = ejection fraction, ESVI = end-systolic 
volume index, ICC = interclass correlation coefficient, MI = mass 
index, RV = right ventricle
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not MACCEs.
The key finding of our study is that systolic RVMI is 

an independent prognostic factor, and this differs from 
the outcome of a previous study in which RVEF was 
found to be an independent prognostic factor [12]. We 
believe that this finding was due to the heterogeneity 

of our study population. In contrast to a previous study 
conducted on an isolated functional TR group [12], more 
than half of our patients had moderate to severe mitral 
stenosis or regurgitation. TR is common in patients with 
mitral valve disease, with more than one-third of patients 
with mitral stenosis having moderate to severe TR [1]. 

Table 4. Univariable Predictors of MACCE and All-Cause Mortality

Variables
MACCE All-Cause Mortality

HR (95% CI) P HR (95% CI) P
Clinical parameters

Age, year 1.03 (1.00–1.05) 0.07 1.04 (1.00–1.08) 0.09
Male sex 1.00 (0.51–1.98) 0.99 1.94 (0.76–4.92) 0.17
Comorbidity (absence vs. presence except for NYHA classification)

DM 1.20 (0.53–2.74) 0.67 1.28 (0.36–4.55) 0.70
Hypertension 1.10 (0.52–2.33) 0.80 1.84 (0.64–5.30) 0.26
Hyperlipidemia 0.50 (0.18–1.40) 0.19 0.32 (0.04–2.44) 0.27
Dialysis 7.48 (1.67–33.39) 0.01 32.33 (5.28–197.92) < 0.001
Congestive hepatopathy 3.05 (0.72–12.87) 0.13 3.81 (0.50–29.19) 0.20
Atrial fibrillation 1.41 (0.73–2.70) 0.30 1.26 (0.48–3.26) 0.64
NYHA classification

I Baseline - Baseline
II 0.60 (0.26–1.37) 0.22 0.87 (0.26–2.90) 0.82
III 1.15 (0.49–2.70) 0.74 0.88 (0.24–3.28) 0.85
IV 2.12 (0.46–9.89) 0.34 2.61 (0.29–23.95) 0.40

Echocardiography
Echo TR jet area, cm2 1.05 (1.02–1.08) 0.003 1.06 (1.01–1.10) 0.01
Peak TR velocity, m/s 1.00 (0.63–1.58) 1.00 1.15 (0.62–2.11) 0.66
LVEF, % 0.99 (0.96–1.03) 0.61 0.97 (0.92–1.01) 0.16
LV EDVI, mL/m2 1.00 (0.99–1.01) 0.62 1.01 (1.00–1.02) 0.04
LV ESVI, mL/m2 1.00 (0.99–1.02) 0.90 1.02 (1.01–1.04) 0.01

Cardiac MRI
TV annulus maximum diameter, mm 1.00 (0.97–1.04) 0.83 1.02 (0.98–1.06) 0.38
TV annulus minimum diameter, mm 1.01 (0.98–1.05) 0.57 1.00 (0.94–1.06) 0.95
Right-side parameters

RVEF, % 0.99 (0.96–1.02) 0.33 0.96 (0.92–1.01) 0.09
RV EDVI, mL/m2 1.002 (1.00–1.01) 0.37 1.01 (1.00–1.01) 0.05
RV ESVI, mL/m2 1.004 (1.00–1.01) 0.27 1.01 (1.00–1.02) 0.03
Diastolic RVMI, g/m2 1.04 (1.00–1.08) 0.04 1.12 (1.06–1.18) < 0.001
Systolic RVMI, g/m2 1.06 (1.02–1.11) 0.009 1.12 (1.06–1.18) < 0.001

Left-side parameters
LVEF, % 0.99 (0.96–1.02) 0.35 0.97 (0.93–1.02) 0.25
LV EDVI, mL/m2 1.00 (0.99–1.01) 0.91 1.01 (1.00–1.02) 0.07
LV ESVI, mL/m2 1.005 (0.99–1.02) 0.39 1.02 (1.00–1.04) 0.04
Diastolic LVMI, g/m2 1.009 (0.99–1.02) 0.24 1.03 (1.01–1.05) 0.001
Systolic LVMI, g/m2 1.01 (1.00–1.03) 0.17 1.04 (1.02–1.06) 0.001
LV LGE, % 1.03 (1.00–1.07) 0.03 0.99 (0.94–1.05) 0.76

Data in parentheses are 95% CIs. HR values are for 1 unit value for each variable. CI = confidence interval, DM = diabetes mellitus, 
EDVI = end-diastolic volume index, EF = ejection fraction, ESVI = end-systolic volume index, HR = hazard ratio, LGE = late gadolinium 
enhancement, LV = left ventricle, MACCE = major adverse cardiac and cerebrovascular event, MI = mass index, NYHA = New York Heart 
Association, RV = right ventricle, TR = tricuspid regurgitation, TV = tricuspid valve 
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TR consequentially causes pulmonary hypertension by 
increasing left atrial pressure [20]; the mean pulmonary 
arterial systolic pressure was 36.0 mm Hg in the patients 
in our study, suggesting a mild degree of pulmonary 
hypertension. Although pulmonary hypertension was mild 
in our patients, we consider that increased RVMI, instead 
of RVEF or ESVI, could be an early reflection of the adverse 
effect of pulmonary hypertension in the right ventricle. 
Additionally, only two patients (2.6%) had an initial NYHA 
classification of IV, and the overall LV function in our 
patients was normal. Moreover, because more than half of 
our patients underwent TV surgery because of concomitant 
left heart disease, the patients had a chance for correction 
before RV decompensation. This may be the reason why the 
RVEF or RV ESVI parameters suggesting RV dilatation and 
dysfunction did not show a difference between the patients 
with and without MACCEs. 

Current guidelines recommend the surgical treatment of 
severe functional TR for patients who undergo left-sided 
heart surgery or those with symptomatic severe primary 
TR [21]. Therefore, RV function is an important factor for 
determining the timing of intervention and predicting 
outcomes in TR. In the case of surgery for isolated TR, 
increased RV EDVI and decreased RV function (measured 
as the ratio of the sum of the isovolumic relaxation time 
and isovolumic contraction time divided by ejection time) 
on echocardiography were independent predictors of 

clinical outcomes [22,23]. Regarding cardiac MRI, a study 
of isolated severe functional TR patients showed that 
RVEF and RV ESVI measured on preoperative cardiac MRI 
were independent predictive factors for cardiac death and 
major postoperative cardiac events after TV surgery [12]. 
However, the role of RVMI was not evaluated in the present 
study. As TR is persistent, chronic volume overload of the 
RV causes progressive RV remodeling and dysfunction, 
and the consequent papillary muscle displacement and 
tethering worsen TR in a vicious cycle [20,24]. RVMI 
is associated with a normal course of adaptation to an 
increased RV afterload in pulmonary hypertension, as 
revealed in a previous cardiac MRI study that showed a 
correlation between RV mass and pulmonary artery systolic 
pressure [25,26]. Proportional increases in RV mass, which 
are related to RV dilatation, prevent the ventricular wall 
from the effects of high wall tension, and they represent 
progressive adaptation [27]. In this context, a high RVMI 
may be indicative of chronic RV remodeling, and this 
parameter is an independent predictor of MACCEs and all-
cause mortality. Furthermore, pulmonary hypertension is 
associated with adverse outcomes in patients with TR and 
after surgical or interventional treatments for TR [28,29]; 
the prognostic implications of RVMI are similar to those 
of pulmonary hypertension. Therefore, the additional 
prognostic information derived from cardiac MRI may 
facilitate appropriate decisions on the operative timing 

Table 5. Adjusted Cox Proportional Hazards Analysis of MACCE and All-Cause Mortality in Relation to Cardiac MRI-Derived RVMI, 
RV ESVI, and RVEF

Parameter
MACCE All-Cause Mortality

HR 95% CI P HR 95% CI P
Systolic RVMI, per increase of 5 g/m2

Univariable 1.34 1.08–1.65 0.009 1.75 1.34–2.29 < 0.001
Age and sex adjusted 1.44 1.13–1.86 0.004 1.87 1.33–2.62 < 0.001
Age, sex, and TR jet area adjusted 1.30 0.97–1.75 0.09 1.96 1.30–2.94 < 0.001
Age, sex, TR jet area, and dialysis adjusted 1.28 0.94–1.73 0.11 2.01 1.28–3.16 0.002

RV ESVI, per increase of 10 mL/m2

Univariable 1.04 0.97–1.12 0.27 1.10 1.01–1.20 0.03
Age and sex adjusted 1.06 0.98–1.15 0.15 1.09 0.98–1.21 0.10
Age, sex, and TR jet area adjusted 0.95 0.84–1.07 0.41 1.15 0.90–1.23 0.56
Age, sex, TR jet area, and dialysis adjusted 0.95 0.84–1.07 0.40 1.03 0.88–1.22 0.69

RVEF, per increase of 5%
Univariable 0.93 0.79–1.08 0.33 0.82 0.66–1.03 0.09
Age and sex adjusted 0.89 0.75–1.07 0.22 0.86 0.67–1.11 0.26
Age, sex, and TR jet area adjusted 0.94 0.79–1.11 0.46 0.89 0.69–1.16 0.40
Age, sex, TR jet area, and dialysis adjusted 0.94 0.79–1.12 0.47 0.92 0.71–1.20 0.54

CI = confidence interval, EF = ejection fraction, ESVI = end-systolic volume index, HR = hazard ratio, MACCE = major adverse cardiac and 
cerebrovascular event, MI = mass index, RV = right ventricle, TR = tricuspid regurgitation
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during the preoperative stage.
Our study has several limitations. First, because this 

was a retrospective study performed at a single center, 
selection bias should be considered. We only included 
patients who underwent preoperative MRI, and patients 
with poor general conditions who could not undergo MRI 
may have been excluded. Second, patients with concomitant 
valve diseases in the aortic or mitral valves were not 
excluded, and the presence of concurrent valve disease 
was evaluated as a factor that could affect outcomes after 
TV surgery. TR patients frequently have left-sided valvular 
heart disease, and we wished to evaluate such patients 

after finding that concurrent left-sided valve disease was 
not associated with TV surgery outcomes. However, in a 
recent study, the outcomes were related to the type of 
surgery (repair vs. replacement) rather than concomitancy, 
and the rates of TV repair in the groups with and without 
MACCEs were not significantly different [30]. Therefore, we 
consider that this heterogeneity in our study population 
did not have sufficient impact to skew the results. Third, 
echocardiographic parameters for RV function are considered 
unreliable [31]; however, TR severity is a known prognostic 
factor for worse long-term outcomes in patients without 
surgery [6,32]. In our study, the TR jet area was significantly 

Fig. 3. ROC curves for the cardiac MRI-derived right ventricular end-systolic volume index for predicting (A) MACCEs and (B) all-
cause mortality, and ROC curves for the cardiac MRI-derived systolic right ventricular mass index for predicting (C) MACCE and 
(D) all-cause mortality. AUC = area under the ROC curve, MACCE = major adverse cardiac and cerebrovascular event, ROC = receiver operating 
characteristic
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larger in patients with than in those without MACCEs, and 
this was a significant factor for predicting MACCEs and all-
cause mortality in the univariable Cox analysis. Therefore, 
we adjusted for the TR jet area and other clinical parameters 
(including age, sex, dialysis, and congestive hepatopathy) 
for the Cox analysis. Other echocardiographic parameters 
related to RV function (i.e., tricuspid annular plane systolic 
excursion and RV tissue Doppler [S’]) were not available for 
most patients; therefore, we could not evaluate and adjust 
for them. Finally, although we evaluated preoperative MRI 
parameters and found that RVMI was associated with an 

adverse outcome after TV surgery, we could not suggest the 
optimal surgical timing for severe functional TR. Further 
studies are warranted to determine the optimal surgical 
timing and predict outcomes.

In conclusion, systolic RVMI measured by cardiac MRI 
was independently associated with long-term outcomes in 
patients who underwent TV surgery for functional TR. We 
believe that this parameter could help in determining the 
appropriate timing of surgical correction of severe TR in 
patients with or without asymptomatic or mild to moderate 
left heart valve disease. 

Fig. 4. Kaplan-Meier curves for MACCE-free survival and overall survival (i.e., without all causes of mortality) stratified by the 
cardiac MRI-derived (A, B) RV ESVI and (C, D) systolic RVMI. ESVI = end-systolic volume index, MACCE = major adverse cardiac and 
cerebrovascular event, MI = mass index, RV = right ventricle
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