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Abstract

Aims The PREPARE-MVR study (PRediction of Early PostoperAtive Right vEntricular failure in Mitral Valve
Replacement/Repair patients) sought to investigate the alterations of right ventricular (RV) contraction pattern in patients un-
dergoing mitral valve replacement/repair (MVR) and to explore the associations between pre-operative RV mechanics and
early post-operative RV dysfunction (RVD).
Methods and results We prospectively enrolled 42 patients (63 ± 11 years, 69% men) undergoing open-heart MVR. Trans-
thoracic three-dimensional (3D) echocardiography was performed pre-operatively, at intensive care unit discharge, and
6 months after surgery. The 3D model of the RV was reconstructed, and RV ejection fraction (RVEF) was calculated. We
decomposed the motion of the ventricle to compute longitudinal ejection fraction (LEF) and radial ejection fraction (REF). Pul-
monary artery catheterization was performed to monitor RV stroke work index (RVSWi). RVEF was slightly decreased after
MVR [52 (50–55) vs. 51 (46–54)%; P = 0.001], whereas RV contraction pattern changed notably. Before MVR, the longitudinal
shortening was the main contributor to global systolic RV function [LEF/RVEF vs. REF/RVEF; 0.53 (0.47–0.58) vs. 0.33 (0.22–
0.42); P < 0.001]. Post-operatively, the radial motion became dominant [0.33 (0.28–0.43) vs. 0.46 (0.37–0.51); P = 0.004].
However, this shift was temporary as 6 months later the two components contributed equally to global RV function [0.44
(0.38–0.50) vs. 0.41 (0.36–0.49); P = 0.775]. Pre-operative LEF was an independent predictor of post-operative RVD defined
as RVSWi < 300 mmHg�mL/m2 [OR = 1.33 (95% CI: 1.08–1.77), P < 0.05].
Conclusions MVR induces a significant shift in the RV mechanical pattern. Advanced indices of RV mechanics are associated
with invasively measured parameters of RV contractility and may predict post-operative RVD.
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Introduction
Mitral valve regurgitation (MR) is reported to be the second
most frequent indication for valve surgery.1, 2 Severe primary
MR has well-known prognostic implications; therefore, timely
diagnosis and appropriate risk stratification represent a com-
pelling clinical demand in this patient population.2

Chronic MR results in volume overload primarily in the left
heart. However, significant adaptive and maladaptive
changes are induced not only in the left ventricular (LV) but
also in the right ventricular (RV) morphology and function.3,
4 Functional alterations of the RV are frequent but
underrecognized findings in chronic primary MR patients.5, 6
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RV function is affected early and through different pathways,
including elevated pulmonary pressures, geometrical changes
triggered by the altered LV morphology, and the impairment
of ventricular interdependence.3, 7 Moreover, surgical
interventions applying cardiopulmonary bypass and
pericardiotomy deteriorate the native RV contraction pattern
and may further predispose to develop overt dysfunction.8, 9

RV dysfunction (RVD) can progress into a challenging clinical
scenario resulting in prolonged length of intensive care unit
(ICU) stay, increased use of medical resources, and excess
mortality.5, 10 Therefore, the identification of patients at risk
for post-operative RVD would enable a more watchful periop-
erative monitoring or even preventive pharmacological man-
agement. Still, functional and morphological changes of the
RV owing to chronic MR and the related surgical approaches
have been scarcely explored.

The PREPARE-MVR study (PRediction of Early PostoperA-
tive Right vEntricular failure in Mitral Valve
Replacement/Repair patients) aimed to investigate the
perioperative alterations of RV mechanical pattern in patients
undergoing mitral valve replacement/repair (MVR). We
hypothesized that pre-operative RV mechanical pattern is
predictive of post-operative RVD.

Methods

Study population

Between October 2016 and November 2018, we prospec-
tively screened 154 patients with severe primary MR who
were referred to open-heart MVR at the Heart and Vascular
Center of the Semmelweis University. Patients with LV or
RV dysfunction [three-dimensional (3D) LV ejection fraction

(LVEF) < 50% or 3D RV ejection fraction (RVEF) < 45% at
enrolment, respectively], history of cardiac surgery, pulmo-
nary embolism, primary pulmonary hypertension, infective
endocarditis, primary cardiomyopathies, moderate-to-severe
aortic valve disease, moderate-to-severe mitral stenosis, se-
vere tricuspid regurgitation, severe chronic obstructive pul-
monary disease, congenital heart disease, malignancy,
irregular heart rhythm inhibiting 3D reconstruction, or inad-
equate echocardiographic image quality [two-dimensional
(2D) or 3D] were excluded. In total, 72 patients were en-
rolled. In the present study, we focused on the analysis
of those 42 patients who underwent perioperative pulmo-
nary artery catheterization (PAC) as well. Thirty
age-matched and gender-matched healthy volunteers (no
history and/or symptoms of any cardiovascular or pulmo-
nary disease, and absence of cardiovascular risk factors,
such as arterial hypertension, diabetes, smoking, and
dyslipidaemia) served as the control group. The protocol
of the PREPARE-MVR study (Figure 1, ClinicalTrials.gov Iden-
tifier: NCT03438825) conforms with the principles outlined
in the Declaration of Helsinki,11 and it was approved by
the Regional and Institutional Committee of Science and
Research Ethics (approval No. 2016/175). All study partici-
pants provided written informed consent.

Echocardiography

Echocardiographic examinations were performed on a com-
mercially available ultrasound system (GE Vivid E95, 4Vc-D
probe, Horten, Norway). All patients underwent comprehen-
sive 2D and 3D echocardiographic evaluation pre-operatively
(1 day prior to surgery) and at ICU discharge. Follow-up echo-
cardiogram (2D and 3D) at the sixth month after surgery was
also acquired. Owing to inadequate post-operative image

Figure 1 Outline of the study protocol. FU, follow-up; ICU, intensive care unit; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; MVR,
mitral valve replacement/repair; PAC, pulmonary artery catheterization; RVEF, right ventricular ejection fraction.
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quality or new-onset atrial fibrillation, seven patients were
excluded from further follow-up by 3D echocardiography. A
standard acquisition protocol consisting of loops from
parasternal, apical, and subxiphoid views was used, and 2D
echocardiographic parameters were measured as per current
guidelines.12 The volume of mitral regurgitation and the ef-
fective regurgitant orifice area (EROA) were measured by
the proximal isovelocity surface area (PISA) method. Severe
MR was defined by an EROA > 40 mm2 and regurgitant
volume > 60 mL.13 RV basal short-axis diameter, RV length,
tricuspid annular plane systolic excursion (TAPSE), fractional
area change (FAC), and tricuspid annular velocities by tissue
Doppler imaging (TDI) were measured from apical
four-chamber view. Beyond the conventional echocardio-
graphic protocol, electrocardiogram-gated full-volume 3D
data sets reconstructed from four to six cardiac cycles opti-
mized for the LV or RV were obtained from apical view with
a minimum volume rate of 25 vol/s for further offline analy-
sis. Data sets focused on the left heart were processed using
a commercially available dedicated software (4D LV-Analysis
3, TomTec Imaging, Unterschleissheim, Germany) and
end-diastolic volume index (EDVi), end-systolic volume index
(ESVi), and LV mass index (LVMi) were measured. To charac-
terize global LV function, ejection fraction (EF) and parame-
ters of myocardial deformation, such as global longitudinal
strain (GLS) and global circumferential strain (GCS), were also
assessed. The left atrial ESVi (LAESVi) was calculated by 4D
LALV function (TomTec Imaging, Unterschleissheim,
Germany). The 3D model of the RV was reconstructed from
RV-focused 3D data sets using a dedicated software (4D
RV-Function 2, TomTec Imaging, Unterschleissheim,
Germany) and 3D RVEDVi, ESVi, EF, septal, and free-wall 2D
longitudinal strains were quantified as well. For the in-depth
analysis of RV mechanics, the 3D model of the RV was
exported frame by frame throughout the cardiac cycle, and
it was analysed using our custom software [Right Ventricular
Separate Wall Motion Quantification (ReVISION) — demo
version available at arguscognitive.com/cardio/demo].14 By
decomposing the model’s motion along the three orthogonal
anatomically relevant axes, volume loss attributable to either
longitudinal or radial wall motions could be separately quan-
tified. Thus, longitudinal EF (LEF), radial EF (REF) and their ra-
tios to global RVEF [LEF index (LEFi) = LEF/RVEF, and REF
index (REFi) = REF/RVEF] could be expressed as a measure
of the relative contribution of the given direction to global
function. To assess longitudinal and circumferential myocar-
dial deformation, we computed 3D RVGLS and RVGCS as
described elsewhere.15

Pulmonary artery catheterization

All patients underwent PAC pre-operatively, and the haemo-
dynamic monitoring was extended for the first 24 hours

post-operatively. Seven standard time points of measure-
ments (2, 4, 6, 8, 12, 16, and 24 hours after surgery) were av-
eraged to calculate mean post-operative values. Central
venous pressure (CVP); systolic, diastolic, and mean pulmo-
nary artery pressure (mPAP); pulmonary artery wedge pres-
sure (PAWP); pulmonary vascular resistance (PVR); RV
stroke volume index (RVSVi); and cardiac output were moni-
tored. Diastolic pressure gradient (DPG) was computed as
the difference between diastolic PAP and PAWP. To quantify
RV function invasively, RV stroke work index (RVSWi) was cal-
culated as (mPAP � CVP) * RVSVi. Post-operative RVD was
defined as RVSWi < 300 mmHg�mL/m2.10

Statistical analysis

Continuous values are expressed as median [inter-quartile
range]. Normal distribution was tested using the Shapiro–
Wilk test. Group comparisons (controls vs. patients) were
performed using Student’s t-test or Mann–Whitney U-test,
as appropriate. Linear regression models were created to as-
sess the association between continuous variables. To com-
pare echocardiographic parameters from the three
predefined time points, one-way repeated measures ANOVA
with Tukey’s post hoc test or Friedman test with Nemenyi
post hoc test was performed depending on normality. Logis-
tic regression models were built to predict post-operative
RVD from parameters assessed pre-operatively. All linear
and logistic regression models were adjusted for age, gender,
type of surgery, and tricuspid valve repair. A P-value of
< 0.05 was considered significant in all tests. The
intra-observer and inter-observer variabilities were evaluated
using Lin’s concordance correlation. To assess the
intra-observer reproducibility of the presented key parame-
ters, the operator who performed the offline measurements
repeated the 3D analysis in a randomly selected subset of
12 patients (four pre-operative, four post-operative, and four
6-month follow-up) and four control subjects blinded to pre-
vious results. The inter-observer variability was determined
by the 3D analysis of the same subjects by a second experi-
enced operator in a blinded fashion. All statistical analyses
were performed in R (version 3.4.1, R Foundation for Statisti-
cal Computing, Vienna, Austria).

Results

Population characteristics

The mean age of the MVR patient population was
63 ± 11 years, and predominantly men were included
(69%). The healthy control population was age- and gender-
matched [60 ± 7 years, 19 (63%) men]. The underlying
aetiology of primary MR was fibroelastic deficiency [n = 22
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(52%)], Barlow’s disease [n = 17 (41%)], and rheumatic mitral
valve disease [n = 3 (7%)]. Mitral valve leaflet prolapse in-
volved the anterior [n = 2 (5%)], posterior [n = 23 (55%)], or
both leaflets [n = 14 (33%)]. Ruptured chordae tendineae
were observed in 26 (62%) patients. The median of European
System for Cardiac Operative Risk Evaluation (EUROSCORE) II
was 1.53 [0.91–2.12]. Pre-operative cardiovascular risk fac-
tors, laboratory results, and medical therapy are summarized
in Table S1. Severe MR was confirmed with the PISA method
during the pre-operative echocardiographic examination in
each case (EROA: 73 [55–87] mm2, regurgitation volume:
102 [89–115] mL).

Surgery and intensive care unit stay

Twenty-six patients (62%) underwent MV replacement (me-
chanical or bioprosthetic valve), and 16 patients (38%) had
MV repair. Tricuspid valve repair (De Vega annuloplasty)
was performed in nine (21%) patients. The median of cardio-
pulmonary bypass and aortic cross-clamp time was 100 [89–
109] and 76 [67–88] minutes, respectively. The length of stay

at ICU was 47 [26–94] hours, and the length of hospital stay
was 7 [6–8] days in our study cohort. During ICU stay, 16 pa-
tients (38%) required dual inotropic agent therapy (dobuta-
mine and milrinone) and/or received inotropic support
longer than 24 hours. The incidence of new-onset atrial fibril-
lation was 17% (seven patients), and three patients (7%) had
Stage 1 acute kidney injury (based on the criteria of Kidney
Disease Improving Global Outcomes16) in the post-operative
period. Among patients undergoing MV repair, none had
moderate or severe residual MR, whereas trace or mild MR
was observed in two (13%) patients post-operatively. No
in-hospital or 6-month death was observed.

Adaptation to chronic primary mitral valve
regurgitation

Patients’ echocardiographic characteristics are presented in
Table 1. At the pre-operative examination, patients had larger
LVEDVi and LVMi (both P < 0.001 vs. controls). Higher values
of EROA and regurgitant volume were associated with a more
pronounced LV remodelling (LVEDVi vs. EROA: β = 0.60,

Table 1 Echocardiographic characteristics of healthy controls and patients undergoing mitral valve replacement/repair

Controls Pre-operative Post-operative 6-month FU Overall
P-valuen = 30 n = 42 n = 35 n = 35

Left ventricle
3D LVMi (g/m2) 62 [56–67] 95 [78–112]a 88 [73–105]a 67 [60–75]a, c, d <0.001
3D LVEDVi (mL/m2) 59 [52–64] 91 [74–109]a 74 [65–90]a, b 61 [53–70]c, d <0.001
3D LVESVi (mL/m2) 23 [21–26] 34 [27–40]a 38 [29–45]a 25 [23–29]a, c, d <0.001
3D LVEF (%) 61 [59–62] 63 [61–65]a 51 [46–57]a, b 58 [56–61]a, c, d <0.001
3D LVGLS (%) �22 [�23 to �19] �22 [�24 to �20] �16 [�18 to �13]a, b �18 [�20 to �16]a, c, d <0.001
3D LVGCS (%) �31 [�33 to �27] �32 [�34 to �29] �24 [�28 to �20]a, b �29 [�31 to �27]c, d <0.001

Right ventricle
RV basal diameter (mm) 32 [29–33] 35 [30–37]a 36 [32–38]a 34 [31–36]a 0.139
RV length (mm) 81 [74–86] 86 [81–93]a 82 [76–92] 77 [73–83]c, d <0.001
TAPSE (mm) 24 [21–26] 26 [23–30]a 13 [11–15]a, b 17 [13–18]a, c, d <0.001
RV S′ (cm/s) 15 [14–17] 14 [13–16] 9 [7–11]a, b 10 [8–12]a, c <0.001
RV 2D free wall LS (%) �22 [�25 to �19] �27 [�32 to �22]a �19 [�23 to �17]a, b �28 [�32 to �23]a, d <0.001
FAC (%) 54 [50–58] 39 [34–47]a 41 [35–46]a 47 [42–52]a, c, d <0.001
3D RVEDVi (mL/m2) 57 [51–60] 66 [58–82]a 66 [55–82]a 60 [53–70]c, d <0.001
3D RVESVi (mL/m2) 21 [20–24] 31 [28–42]a 32 [28–44]a 27 [24–37]a, c, d <0.001
3D RVEF (%) 61 [58–65] 52 [50–55]a 51 [46–54]a, b 53 [49–57]a, d 0.005
LEF (%) 29 [26–31] 28 [23–32] 17 [12–20]a, b 23 [20–27]a, c, d <0.001
REF (%) 26 [21–31] 16 [12–23]a 23 [17–27]a 21 [19–27]a 0.032
LEFi 0.48 [0.42–0.51] 0.53 [0.47–0.58]a 0.33 [0.28–0.43]a, b 0.44 [0.38–0.50]c, d <0.001
REFi 0.43 [0.37–0.48] 0.33 [0.22–0.42]a 0.46 [0.37–0.51]b 0.41 [0.36–0.49]c 0.008
3D RVGLS (%) �24 [�26 to �21] �28 [�33 to �22]a �19 [�22 to �15]a, b �24 [�28 to �21]c, d <0.001
3D RVGCS (%) �24 [�28 to �22] �24 [�27 to �19] �26 [�28 to �21] �25 [�28 to �19] 0.956

FAC, fractional area change; FU, follow-up; LEF, longitudinal ejection fraction; LEFi, longitudinal ejection fraction index; LVEDVi, left ven-
tricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume index; LVGCS, left
ventricular global circumferential strain; LVGLS, left ventricular global longitudinal strain; LVMi, left ventricular mass index; REF, radial
ejection fraction; REFi, radial ejection fraction index; RV, right ventricle; RVEDVi, right ventricular end-diastolic volume; RVEF, right ventric-
ular ejection fraction; RVESVi, right ventricular end-systolic volume; RVGCS, right ventricular global circumferential strain; RVGLS, right
ventricular global longitudinal strain; TAPSE, tricuspid annular plane systolic excursion.
aP < 0.05 vs. healthy controls, unpaired Student’s t-test or Mann–Whitney U-test.
bP < 0.05 pre-operative vs. post-operative.
cP < 0.05 pre-operative vs. 6-month follow-up.
dP < 0.05 post-operative vs. 6-month follow-up.
Multiple groups (pre-operative vs. post-operative vs. 6-month follow-up) were compared using Friedman test with Nemenyi post hoc test,
or one-way repeated measures ANOVA with Tukey’s post hoc test (the last column is the overall P-value of ANOVA or Friedman test).

Predictive value of right ventricular mechanics 1249

ESC Heart Failure 2020; 7: 1246–1256
DOI: 10.1002/ehf2.12682



R2 = 0.33, P < 0.001; LVEDVi vs. regurgitant volume: β = 0.75,
R2 = 0.54, P < 0.001; LVMi vs. EROA: β = 0.57, R2 = 0.28,
P = 0.002; LVMi vs. regurgitant volume: β = 0.61, R2 = 0.33,
P < 0.001). The LVEF was higher in our patient population
than in controls (P = 0.011), confirming the hyperdynamic
state (Table 1). Higher RV volumes were also observed com-
pared with those in controls (all P < 0.001). Global RV systolic
function as assessed by FAC and RVEF was slightly reduced
(both P < 0.001), whereas indicators of longitudinal function
demonstrated preserved (tricuspid TDI S′ and LEF) or even el-
evated values (TAPSE, 2D RV free-wall longitudinal strain, and
3D RVGLS, all P < 0.05) compared with those in controls (Ta-
ble 1). Decreased radial function as quantified by REF and
REFi was also noted (both P < 0.001), suggesting that the de-
cline in radial contractions might explain the slight decrease
in global RV function. At baseline, the longitudinal shortening
was the main contributor to global systolic function (LEFi vs.
REFi; 0.53 [0.47–0.58] vs. 0.33 [0.22–0.42]; P < 0.001),
whereas in controls, the longitudinal and radial shortenings
contributed equally to RVEF (0.48 [0.42–0.51] vs. 0.43

[0.37–0.48]; P = 0.251) (Figure 2). The magnitude of EROA
and regurgitant volume were associated with RV geometrical
remodelling (RVEDVi vs. EROA: β = 0.41, R2 = 0.15, P = 0.034;
RVEDVi vs. regurgitant volume: β = 0.57, R2 = 0.31,
P < 0.001). Pre-operatively measured CVP, mPAP, PAWP,
PVR, and DPG were 13 [10–16] mmHg, 28 [21–36] mmHg,
17 [14–23] mmHg, 2.5 [1.8–3.5] Wood units, and 3 [1–
9] mmHg, respectively. These findings confirm the presence
of isolated post-capillary pulmonary hypertension as defined
by the current guidelines.17 Pre-operative RVEF was inversely
related to mPAP (β = �0.48, R2 = 0.29, P = 0.002) and PAWP
(β = �0.48, R2 = 0.31, P = 0.001).

Morphological and functional changes in left
ventricle following mitral valve
replacement/repair

LVEDVi decreased after MVR, while 6 months after the sur-
gery, it became comparable with controls’ (Table 1). LVMi

Figure 2 Contribution of longitudinal and radial contractions to global systolic RV function in healthy controls and patients undergoing MVR. Before
surgery, the longitudinal shortening was the major contributor to global RV function, whereas after MVR, the radial contraction became the dominant
component. However, this shift was temporary as 6 months later the contribution of the two components equalized, and the contraction pattern be-
came similar to healthy controls’. *P < 0.05, paired Student’s t-test or paired Wilcoxon test. FU, follow-up; LEFi, longitudinal ejection fraction index;
MVR, mitral valve replacement/repair; REFi, radial ejection fraction index; RV, right ventricle.
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did not change significantly immediately after surgery, but it
showed a pronounced reduction at 6-month follow-up. LVEF
and LV myocardial deformation exhibited lower values after
surgery and recovered only partially at 6 months (Table 1).
Sixteen (46%) patients exhibited LVEF < 50% at the
post-operative echocardiographic assessment, and LVEF re-
duction > 10% in comparison with the pre-operative values
was observed in 18 (51%) patients. Higher pre-operative 3D
LVGLS was found to be associated with a greater reduction
in LVEF (β = �0.73, R2 = 0.50, P < 0.001).

Post-operative shift in right ventricular
contraction pattern

RV geometry as assessed by RVEDVi did not change right af-
ter surgery; however, it showed some reduction at 6-month
follow-up (Table 1). While RVEF decreased only slightly after
MVR (52 [50–55] vs. 51 [46–54]%, P = 0.001), there were
marked changes in RV mechanical pattern (Figures 2 and 3):
the radial motion became the dominant component after

surgery (LEFi vs. REFi; 0.33 [0.28–0.43] vs. 0.46 [0.37–0.51];
P = 0.004). However, this temporary shift recovered 6months
later, and the contraction pattern was found to be similar to
that of controls showing the equal contribution of the two
components (0.44 [0.38–0.50] vs. 0.41 [0.36–0.49];
P = 0.775). The post-operative decline and the tendency to-
wards normalization could be observed in other indices of
longitudinal RV function (TAPSE, RV S′, and 2D free-wall longi-
tudinal strain) as well (Table 1). We did not find differences in
LV and RV echocardiographic parameters (perioperative and
6 month follow-up) between MV repair and replacement pa-
tients (Table S2).

Predictive value of pre-operative parameters on
post-operative right ventricular dysfunction

Post-operative RVSWi was 336 [279–488] mmHg�mL/m2 in
our patient cohort, and no difference was noted between
MV repair and replacement patients (Table S3). Among pre-
operative parameters, LEF (β = �0.55, R2 = 0.28, P < 0.001)

Figure 3 RV mechanics in healthy controls and patients undergoing surgical treatment of severe primary MR: representative cases. By decomposing
the motion of the 3D RV model, the different wall motion components can be quantified separately. The green mesh represents the end-diastolic vol-
ume, and the blue surface is the end-systolic volume of the RV. In the healthy subject, the longitudinal and radial motion contributed equally to global
RV function (LEFi vs. REFi: 0.48 vs. 0.44). In the patient with severe MR, the pre-operatively observed longitudinal dominance (LEFi vs. REFi: 0.54 vs.
0.29) shifted to radial dominance (LEFi vs. REFi: 0.39 vs. 0.51). However, this shift was temporary as 6 months later the contribution of the two com-
ponents equalized, and the contraction pattern became similar to healthy control’s (LEFi vs. REFi: 0.46 vs. 0.43). FU, follow-up; LEFi, longitudinal ejec-
tion fraction index; MR, mitral regurgitation; REFi, radial ejection fraction index; RV, right ventricle.
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and 3D RVGLS (β = 0.55, R2 = 0.30, P < 0.001) were associ-
ated with post-operative RVSWi. Nonetheless,
post-operative RVSWi demonstrated no correlation with
pre-operative LVEDVi, LVEF, LVGLS, MR regurgitant volume,
LAESVi, RVEF, RVEDVi, and pulmonary artery systolic pressure

(PASP, estimated by echocardiography). Post-operative RVD
(defined as RVSWi < 300 mmHg�mL/m2) was detected in 14
(32%) patients. In these patients, lower pre-operative values
of LVMi (P = 0.020), RV basal diameter (P = 0.012), and
RVESVi (P = 0.023) were measured than in patients without

Table 2 Comparison of patients with and without post-operative right ventricular dysfunction

No post-operative RVD
n = 28

Post-operative RVD
n = 14 P-value

Demographics
Age (years) 67 [54–70] 64 [61–69] 0.666
Male 20 (71) 9 (64) 0.729
BMI (kg/m2) 27 [24–30] 25 [24–27] 0.270
HTN 21 (75) 10 (71) 1.000
HLD 15 (54) 5 (36) 0.338
DM 5 (18) 0 (0) 0.151
CKD (GFR < 60 mL/min/1.73 m2) 1 (4) 1 (7) 1.000
Chronic anaemiaa 1 (4) 4 (29) 0.035
Tobacco abuse 7 (25) 2 (14) 0.692
History of atrial fibrillation (any type) 7 (25) 3 (21) 1.000
NYHA
I 8 (29) 1 (7)
II 5 (18) 4 (29)
III 15 (54) 9 (64)
IV 0 (0) 0 (0) 0.340

EUROSCORE II (%) 1.60 [1.08–2.26] 1.21 [0.88–1.76] 0.379
Pre-operative echocardiogram

3D LAESVi (mL/m2) 66 [53–81] 54 [44–78] 0.470
3D LVMi (g/m2) 108 [84–114] 80 [76–91] 0.020
3D LVEDVi (mL/m2) 97 [81–111] 74 [67–95] 0.075
3D LVESVi (mL/m2) 37 [29–41] 31 [25–33] 0.063
3D LVEF (%) 63 [62–65] 63 [60–65] 0.576
3D LVGLS (%) �23 [�24 to �21] �21 [�22 to �19] 0.357
3D LVGCS (%) �32 [�33 to �29] �32 [�35 to �30] 0.988
RV basal diameter (mm) 35 [33–38] 30 [28–35] 0.012
RV length (mm) 86 [82–94] 84 [77–91] 0.485
TAPSE (mm) 26 [23–30] 26 [23–28] 0.965
RV S′ (cm/s) 14 [13–17] 13 [12–15] 0.143
RV 2D free wall LS (%) �26 [�29 to �20] �31 [�35 to �25] 0.031
Fractional area change (%) 38 [34–43] 44 [38–49] 0.143
3D RVEDVi (mL/m2) 73 [62–88] 60 [54–70] 0.071
3D RVESVi (mL/m2) 35 [29–47] 29 [24–33] 0.023
3D RVEF (%) 52 [49–55] 53 [52–55] 0.189
LEF (%) 26 [21–30] 31 [27–34] 0.006
REF (%) 18 [12–24] 15 [12–20] 0.416
LEFi 0.49 [0.46–0.55] 0.57 [0.53–0.63] 0.011
REFi 0.35 [0.22–0.43] 0.29 [0.24–0.37] 0.141
3D RVGLS (%) �27 [�32 to �21] �35 [�39 to �29] 0.007
3D RVGCS (%) �25 [�29 to �21] �21 [�25 to �19] 0.531

Intraoperative parameters
Type of surgery
Annuloplasty or valvuloplasty 9 (32) 7 (50)
Biological valve implantation 7 (25) 2 (14)
Mechanical valve implantation 12 (43) 5 (36) 0.536

De Vega annuloplasty 8 (29) 1 (7) 0.230
Cross-clamp time (min) 79 [69–87] 71 [61–88] 0.584
Cardiopulmonary bypass time (min) 100 [93–112] 98 [82–104] 0.461

BMI, body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; FAC, fractional area change; GFR, glomerular filtration rate;
HLD, hyperlipidaemia; HTN, hypertension; LAESVi, left atrial end-systolic volume index; LEF, longitudinal ejection fraction; LEFi, longitudi-
nal ejection fraction index; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi, left ventric-
ular end-systolic volume index; LVGCS, left ventricular global circumferential strain; LVGLS, left ventricular global longitudinal strain; LVMi,
left ventricular mass index; NYHA, New York Heart Association; REF, radial ejection fraction; REFi, radial ejection fraction index; RV, right
ventricle; RVD, right ventricular dysfunction; RVEDVi, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction;
RVESVi, right ventricular end-systolic volume; RVGCS, right ventricular global circumferential strain; RVGLS, right ventricular global longi-
tudinal strain; TAPSE, tricuspid annular plane systolic excursion.
Statistical test: unpaired Student’s t-test or Mann–Whitney U-test.
aChronic anaemia was defined as haemoglobin concentration < 120 g/L in women or <130 g/L in men.
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RVD (Table 2). However, RV 2D free-wall longitudinal strain
(P = 0.031), LEF (P = 0.006), LEFi (P = 0.011), and 3D RVGLS
(P = 0.007) were found to be increased compared with those
in patients without post-operative RVD (Table 2). Except for
the higher prevalence of chronic anaemia among RVD pa-
tients, there were no other differences regarding baseline
clinical and intraoperative characteristics between the two
groups (Table 2). Importantly, the advanced 3D parameters
of longitudinal RV function were predictors of
post-operative RVD (pre-operative LEF: OR = 1.33 [95% CI:
1.08–1.77], P < 0.05; pre-operative 3D RVGLS: OR = 0.82
[95% CI: 0.68–0.94], P < 0.05). Despite their established
prognostic value,18, 19 neither pre-operative LAESVi nor PASP
(by echo) was predictive of RVD in our study cohort.

Intra-observer and inter-observer variability of
three-dimensional echocardiographic parameters

The assessed values of intra-observer and inter-observer
variability of key 3D echocardiographic parameters were
comparable with previous data (Table 3).20, 21 Our custom
ReVISION method is a fully automated technique; it adds no
further variability on top of the 3D contouring performed
using the dedicated software.

Discussion

Advanced diagnostic and therapeutic options have become
increasingly available concerning the LV, while RVD remained
a frequent clinical challenge in the perioperative care. It is
common that RVD remains unrecognized, which can lead to
adverse outcomes.10 In the PREPARE-MVR study, we
intended to provide further insights into RV mechanics in pa-
tients undergoing MVR and to identify its association with the
development of early post-operative RVD. We have found
that severe MR resulted in decreased radial and increased
longitudinal contribution to global RV function, which pattern
underwent an instantaneous shift due to open-heart surgery.
The observed increase in pre-operative longitudinal

contractions was associated with decreased post-operative
RV contractility as assessed by PAC. However, at 6-month
follow-up, normal RV contraction pattern was restored.

The impact of LV remodelling and dysfunction on
post-operative outcomes after MVR has been extensively
studied.2 Recently, it has been also demonstrated that global
RVD, especially when coupled with LV dysfunction, is a pow-
erful predictor of long-term outcomes.3 RVEF is a conven-
tional and useful measure of RV systolic performance.
However, just as it has been described concerning the LV,
the elemental components of myocardial mechanics could
be more sensitive and predictive because the native RV con-
traction pattern could be disrupted even before the RVEF
starts to decline.22 In our current study, patients with severe
primary MR but with preserved biventricular function were
recruited. Despite this fact, a reduction in radial and an in-
crease in longitudinal wall motion could be observed pointing
to a functional shift induced by the severe valvular disease
and the subsequent post-capillary pulmonary hypertension.

Adaptation to chronic primary mitral valve
regurgitation

Chronic primary MR triggers eccentric hypertrophy with geo-
metric changes of the LV cavity as an adaptive mechanism to
volume overload. Its shape becomes more spherical, and the
consequent rise of LV and pericardial constraint likely contrib-
utes to the alterations of RV function.3 Chronic MR results in
a progressive deterioration of LV contractile function, al-
though the LVEF is maintained over a relatively long period.
Owing to the aforementioned mechanisms, the normal func-
tion of the interventricular septum may be hampered early
during the course of the disease.3 Furthermore, longstanding
MR induces elevation in LA pressure, PAWP, and PAP, that re-
sult in the pressure overload of the RV.23 Still, the overall RV
performance was influenced by pulmonary pressures in our
patients as confirmed by the inverse relation of RVEF to the
levels of mPAP and PAWP. Moreover, the functional conse-
quences of pressure overload could be observed in the RV
contraction pattern: the radial motion (the so-called bellows

Table 3 Intra-observer and inter-observer variability of key 3D echocardiographic parameters

Intra-observer variability
(95% confidence interval)

Inter-observer variability
(95% confidence interval)

3D LAESV 0.970 (0.913–0.990) 0.964 (0.875–0.990)
3D LVEDV 0.982 (0.950–0.994) 0.971 (0.921–0.990)
3D LVESV 0.981 (0.950–0.992) 0.963 (0.901–0.987)
3D RVEDV 0.992 (0.978–1.000) 0.954 (0.879–0.983)
3D RVESV 0.977 (0.936–0.992) 0.900 (0.758–0.961)
3D RVESV after decomposition, longitudinal motion only 0.895 (0.728–0.961) 0.856 (0.673–0.940)
3D RVESV after decomposition, radial motion only 0.933 (0.823–0.976) 0.896 (0.756–0.958)

LAESV, left atrial end-systolic volume; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; RVEDV,
right ventricular end-diastolic volume; RVESV, right ventricular end-systolic volume.
Statistical test: Lin’s concordance correlation.
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effect) was impaired despite the preserved RVEF. A similar re-
sponse can be recognized in patients with pulmonary arterial
hypertension, and the prognostic value of this phenomenon
is well established.24, 25

Post-operative shift in right ventricular
contraction pattern

The pre-operative alterations attributable to MR make the RV
susceptible to develop overt RVD during and immediately af-
ter the open-heart surgery. MVR diminishes LV volume over-
load, resulting in the reduction of LV and pericardial
constraint. The apparent deficit in RV function after MV sur-
gery, when evaluated exclusively by the parameters of the
longitudinal contractions, has been described in previous
studies.26, 27 Nevertheless, the observed alteration of RV con-
traction pattern is not specific to MVR as similar shift was re-
ported by Raina et al. in patients undergoing heart
transplantation or isolated coronary artery bypass surgery.28

Different causes have been proposed to explain this loss in
longitudinal RV performance, such as geometric changes in
the RV, intraoperative ischaemia, pericardial disruption, and
suboptimal cardioprotection.29, 30 The decline in longitudinal
function occurs immediately after the opening of the pericar-
dium, which supports the hypothesis on the fundamental role
of the pericardium in maintaining physiological RV geometry
and function.9 However, the reductions in longitudinal mea-
sures after surgery might reflect a single aspect of a modified
and complex contraction pattern. Thus, conventional M-mode
and 2D indices may be inadequate for the post-operative as-
sessment of RV function.20 Our results clearly demonstrated
that the radial motion could effectively compensate for the
post-operative decline of longitudinal motion to maintain
RVEF. Interestingly, we have found that 6 months after the
successful operation, the native contraction pattern is re-
stored in MVR patients as RV longitudinal and radial contribu-
tions (LEFi, REFi) are comparable with healthy controls’.
However, the M-mode and 2D indices of longitudinal RV func-
tion indicate still incomplete recovery as also demonstrated
by Tamborini et al.31 To the best of our knowledge, this is
the first observational study characterizing the dynamic peri-
operative changes of RV mechanics comprehensively in MR
patients using 3D echocardiography.

Prognostic value of pre-operative cardiac
mechanics

Most studies and guideline recommendations prominently
focus on the prognostic value of LV function, while the as-
sessment of RV function is still underemphasized.13

Previously, Pandis and co-workers showed that high pre-op-
erative LVGLS by 2D speckle tracking echocardiography was

predictive of a steeper decline in LVEF after MVR.32 This phe-
nomenon was confirmed in our study. Importantly, our find-
ings are similar regarding the RV as well: hyperdynamic RV
longitudinal motion is associated with post-operative contrac-
tile dysfunction. Accordingly, we may hypothesize that the
similarity in the contraction characteristics is a manifestation
of the LV–RV interplay.

Nevertheless, not only LV dysfunction but also RVD con-
tributes significantly to perioperative adverse outcomes.10

RVD is a challenging perioperative clinical scenario without
a clean-cut method for an accurate diagnosis. Main causes in-
clude myocardial ischaemia and acute RV pressure overload,
besides the effect of the pericardial sac opening.8, 33 While in-
traoperative RV failure can be evident as it hinders the
weaning from cardiopulmonary bypass, early post-operative
RVD often remains subclinical and requires an integrated di-
agnostic approach involving physical examination, blood tests
for end-organ damage, haemodynamic, and imaging-based
monitoring.10 We have chosen a robust parameter of RV con-
tractility (i.e. RVSWi) to define RVD; however, performing
PAC is not part of the routine care in MVR patients. Increased
pre-operative 3D parameters of RV longitudinal function
were predictive of the decreased contractility after the oper-
ation. According to our results, 3D echocardiography may fa-
cilitate a more profound pre-operative risk stratification of
MVR patients. By improving the perioperative care, it might
enable timely diagnosis and, potentially, the prevention of se-
vere RVD. The more in-depth understanding of perioperative
changes in RV haemodynamics and mechanics may also con-
tribute to establish the real-life prevalence of RVD and to
evaluate its detrimental consequences.

Limitations

The small sample size represents a limitation; however, in our
current analysis, the main aim was to correlate 3D echocar-
diographic data to invasively measured RV contractility, and
PAC is not part of the routine perioperative care in case of
MVR surgery. Patients were selected for perioperative PAC
on the basis of the individual decision of the cardiac anaes-
thesiologist in adherence to the institutional protocol. During
ICU stay, only focused 2D echocardiographic studies were
performed as multi-beat 3D acquisitions are extremely chal-
lenging and are of low success rate in this setting. Therefore,
post-operative 3D measurements refer to the time point of
ICU discharge. Nevertheless, RV functional shift was still
prominent. We have chosen a PAC-based contractility index
to indicate RVD; however, we could not couple these
low-risk patients with decreased post-operative RVSWi to
other clinical hard endpoints, such as mortality. Further stud-
ies are warranted in higher-risk populations and with pre-op-
eratively decreased RV function. The repair rate in this
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specific cohort of patients was rather low, which might lead
to a biased interpretation of our results. Thus, we have thor-
oughly compared the early and late post-operative clinical
and echocardiographic characteristics of patients who
underwent MV repair vs. replacement, and no significant dif-
ferences were found. Moreover, linear and logistic regression
models were adjusted for the type of surgery as well. Because
there is no true reference method for assessing RV longitudi-
nal and radial wall motions, we have no possibility to validate
our echocardiographic results to a gold standard.
Inter-observer and intra-observer variabilities confirm the re-
liability of our method and are consistent with previous
studies.20, 21

Conclusions

In the PREPARE-MVR study, we explored the shift in RV me-
chanical pattern that occurs parallel with complex haemody-
namic changes in patients with severe primary MR
undergoing MVR. Before the surgery, the longitudinal short-
ening was the main contributor to RVEF, while after MVR,
the radial motion became the dominant component of RV sys-
tolic function. At 6-month follow-up, the two components
contributed equally, and the contraction pattern became sim-
ilar to controls’, suggesting functional RV reverse remodelling.
Moreover, the pre-operative 3D indices of longitudinal RV
function were related to invasively measured post-operative
RV contractility; thus, they might predict perioperative RVD.
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