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Background: Four-dimensional-flow cardiac MR (4DF-MR) offers advantages in primary mitral regurgitation. The relation-
ship between 4DF-MR-derived mitral regurgitant volume (MR-Rvol) and the post-operative left ventricular (LV) reverse rem-
odeling has not yet been established.
Purpose: To ascertain if the 4DF-MR-derived MR-Rvol correlates with the LV reverse remodeling in primary mitral
regurgitation.
Study Type: Prospective, single-center, two arm, interventional vs. nonintervention observational study.
Population: Forty-four patients (male N = 30; median age 68 [59–75]) with at least moderate primary mitral regurgitation;
either awaiting mitral valve surgery (repair [MVr], replacement [MVR]) or undergoing “watchful waiting” (WW).
Field Strength/Sequence: 5 T/Balanced steady-state free precession (bSSFP) sequence/Phase contrast imaging/Multishot
echo-planar imaging pulse sequence (five shots).
Assessment: Patients underwent transthoracic echocardiography (TTE), phase-contrast MR (PMRI), 4DF-MR and 6-minute
walk test (6MWT) at baseline, and a follow-up PMRI and 6MWT at 6 months. MR-Rvol was quantified by PMRI, 4DF-MR,
and TTE by one observer. The pre-operative MR-Rvol was correlated with the post-operative decrease in the LV end-
diastolic volume index (LVEDVi).
Statistical Tests: Included Student t-test/Mann–Whitney test/Fisher’s exact test, Bland–Altman plots, linear regression
analysis and receiver operating characteristic curves. Statistical significance was defined as P < 0.05.
Results: While Bland–Altman plots demonstrated similar bias between all the modalities, the limits of agreement were
narrower between 4DF-MR and PMRI (bias 15; limits of agreement �36 mL to 65 mL), than between 4DF-MR and TTE
(bias �8; limits of agreement �106 mL to 90 mL) and PMRI and TTE (bias �23; limits of agreement �105 mL to 59 mL).
Linear regression analysis demonstrated a significant association between the MR-Rvol and the post-operative decrease in
the LVEDVi, when the MR-Rvol was quantified by PMRI and 4DF-MR, but not by TTE (P = 0.73). 4DF-MR demonstrated
the best diagnostic performance for reduction in the post-operative LVEDVi with the largest area under the curve (4DF-
MR 0.83; vs. PMRI 0.78; and TTE 0.51; P = 0.89).
Data Conclusion: This study demonstrates the potential clinical utility of 4DF-MR in the assessment of primary mitral
regurgitation.
Evidence Level: 2
Technical Efficacy: Stage 5
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When untreated, severe mitral regurgitation is associated
with excess morbidity and mortality.1 Accurate and

timely assessment of mitral regurgitation is therefore crucial
in guiding surgical therapy decisions. This is especially
important in asymptomatic patients undergoing surgery for
prognostic reasons.2 Guidelines recommend transthoracic
echocardiography (TTE) as the first-line modality for quanti-
fication of mitral regurgitation.3,4 Although TTE is sufficient
in the majority of cases, it is limited by operator-dependence,
body habitus and presence of multiple or eccentric regurgitant
jets.5

Phase-contrast magnetic resonance imaging (PMRI)
imaging provides an advantage in these challenging cases and
enables not only an accurate evaluation of mitral regurgitation
severity, but also its impact on left ventricular (LV) size and
function.6 Prior studies have showed a poor correlation
between mitral regurgitation quantification by PMRI and
TTE, primarily in patients with eccentric, multiple or late-
systolic jets, which are inherent in degenerative mitral regurgi-
tation, and demonstrated a prognostic advantage of PMRI.7,8

Four-dimensional flow magnetic resonance imaging (4DF-
MR) is a technique that allows 3-dimensional and time-
relative assessment of flow across all four valves within one,
simple, free-breathing acquisition.9 In contrast to PMRI,
direct assessment of flow across the atrio-ventricular valves is
accurate, as retrospective valve tracking accounts for the
motion of the annulus during the cardiac cycle.10 Studies
which compared 4DF-MR and PMRI, showed that the
assessment of mitral regurgitation by 4DF-MR was feasible
and reproducible, with 4DF-MR having better intra- and
inter-observer reproducibility than PMRI.11,12 Moreover, it
remained accurate even in the presence of atrial fibrillation.13

Although 4DF-MR is constrained by background phase-offset
errors, limited temporal and spatial resolution, and laborious
post-processing, it has the potential to become the reference-
standard in the assessment and quantitation of mitral
regurgitation.9

Current guidelines recommend mitral valve repair rather
than replacement, if feasible.3,4 This is, however, based on
observational studies, which suggest a survival advantage with
this approach. The development of new surgical techniques,
that allow chordal preservation may in fact improve the LV
reverse remodeling following MVR.14–16

To our knowledge, there are no studies which have
examined the relationship between the 4DF-MR-derived pre-
operative mitral regurgitation volume with the post-operative
LV reverse remodeling in primary mitral regurgitation. There-
fore, this study aimed to determine the agreement between
4DF-MR-derived mitral regurgitant volume with PMRI- and
TTE-derived mitral regurgitant volume, and to ascertain if
the 4DF-MR-derived mitral regurgitant volume is associated
with the post-operative LV reverse remodeling in primary
mitral regurgitation.

Methods
Study Design and Population
The study was approved by the National Research Ethics Ser-
vice (15/YH/0503), had institutional approval and complied
with the Declaration of Helsinki. All patients provided writ-
ten informed consent. This was a prospective, single-center,
observational cohort study, which recruited patients with at
least moderate primary mitral regurgitation, who were either
awaiting mitral valve (MV) surgery, including mitral valve
repair (MVr) and mitral valve replacement (MVR) and those
who were undergoing “watchful waiting” (WW). Therapeutic
decisions were made by the multi-disciplinary heart team in
accordance with the European Society of Cardiology guide-
lines who were independent from the study. Patients who
were asymptomatic and did not have indications for surgery
were managed medically and underwent WW.3

The grading of at least moderate mitral regurgitation
was confirmed by the multi-disciplinary heart team based
on transthoracic and/or transesophageal echocardiography
according to American Society of Echocardiography criteria.17

Exclusion criteria included more than mild aortic valve
disease and general contraindications to MRI.

Mitral Valve Surgery
MV surgery was performed according to the standard surgical
practice, including midline sternotomy, cardiopulmonary
bypass technique, systemic heparinization, and mild systemic
hypothermia. The procedure was performed under intra-
operative transesophageal echocardiography guidance. MVr
was performed using Gore-Tex chordae sutures and a
Carpentier-Edwards annuloplasty ring, while MVR was per-
formed using Edwards Perimount Magna bioprosthetic valve,
St. Jude Epic™ Mitral stented tissue valve with Linx™ AC
technology or St. Jude mechanical valves. Other interven-
tions, such as tricuspid valve repair, coronary artery bypass
grafting, and surgical left atrial ablation were performed if
clinically indicated.

Study Assessments
All patients included in the study underwent paired assess-
ments. The baseline assessment was conducted at the time of
recruitment in the WW group and prior to the surgery in the
MV surgical groups; this consisted of PMRI, 4DF-MR, TTE,
and a 6-minute walk test (6MWT). The follow-up assessment
was undertaken 6 months after the baseline visit in the WW
group and 6 months after the surgery in the MVr and MVR
groups; this consisted of PMRI and a 6MWT.

PMRI. PMRI scan protocol (1.5 T Philips Ingenia, Best,
Netherlands; 32-element cardiac coil) included survey images;
free-breathing transverse Half-Fourier Acquisition Single-shot
Turbo spin Echo imaging; cine images acquired with breath-
hold balanced steady-state free precession sequence
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(4-chamber view and vertical-long axis view, 2 orthogonal left
ventricular outflow tract views, 2 orthogonal right ventricular
outflow views). Left ventricular short-axis stack with sequence
parameters as follows: typical field-of-view 340 mm, 10 mm
slice thickness with 0 mm gap, repetition time 3 msec, echo
time 1.6 msec, flip angle 60�, sensitivity encoding factor
2, in-plane acquired spatial resolution 1.88 � 1.88 mm,
30 reconstructed phases and matrix 192 � 131. Transaxial
right ventricular cine stack with the following sequence
parameters: typical field-of-view 360 mm, 8 mm slice thick-
ness with 0 mm gap, repetition time 2.8 msec, echo time
1.41 msec, flip angle 60�, sensitivity encoding factor 1.8, in-
plane acquired spatial resolution 1.88 � 1.88 mm,
20 reconstructed phases and matrix 192 � 143. Through-
plane aortic phase contrast images: planned at sino-tubular
junction and orthogonal to the vessel.18 In patients with atrial
fibrillation, two acquisitions were acquired. Velocity encoding
was set to 150 cm/s and increased as required. Sequence
parameters: typical field-of-view 350 � 280 mm, slice thick-
ness 8 mm, repetition time 5.1 msec, echo time 3.2 msec, flip
angle 15�, temporal resolution 28 msec, number of signal
averages 1, sensitivity encoding factor 2, in-plane acquired
spatial resolution 2.5 � 2.5 mm, 30 reconstructed phases,
phase percentage 100%, matrix 140 � 112, Cartesian sam-
pling, turbo field echo factor 3 and acquisition duration
30.8 msec. Through-plane pulmonary phase contrast images:
planned approximately 1 cm above the pulmonary valve and
orthogonal to the vessel. Sequence parameters as per through-
plane aortic PMRI.

PMRI IMAGE ANALYSIS. Images were analyzed blinded to
clinical details using standard cvi42 software (Circle Car-
diovascular Imaging, Calgary, AB, Canada) by TC (2 years
of experience) and PGC (2 years of experience). LV vol-
umes were analyzed by manual tracing of the endocardial
border in end-diastole and end-systole on LV short-axis
stack, with LV trabeculations being included in the blood
pool, as described previously.19 Left ventricular mass was
estimated by manual tracing of the epicardial and endocar-
dial border in end-diastole.19 Right-ventricular volumes
were analyzed by manual tracing of the endocardial border
in end-diastole and end-systole on the RV transaxial cine
stack.20 Aortic and pulmonary forward flow volumes were
estimated using the semi-automated feature of the soft-
ware, with subsequent manual correction. In patients with
atrial fibrillation, two flow acquisitions were analyzed and
the final flow volume was taken as the average of the two
measurements.

PMRI MITRAL REGURGITANT VOLUME QUANTIFICATION.
Mitral regurgitant volume was estimated indirectly, as follows:
Mitral regurgitant volume = LV stroke volume � Aortic

forward flow volume; where LV stroke volume = LV end-
diastolic volume � LV end-systolic volume.21

4DF-MR. 4DF-MR was acquired with multishot echo-planar
imaging pulse sequence (five shots). Images were planned in a
transverse orientation. Sequence parameters were as follows:
retrospective gating, typical field-of-view 400 mm, 39 slices,
shortest repetition time, shortest echo time, flip angle 10�,
30 reconstructed phases, isotropic acquired voxel size
3 � 3 � 3 mm, Cartesian acquisition, velocity encoding
150 cm/s. The above multishot echo-planar imaging pulse
sequence was previously validated by Garg and colleagues.22

4DF-MR IMAGE ANALYSIS. All 4DF-MR data were analyzed
blinded to clinical details by MG (3 years of experience) and
reviewed by MB (14 years if experience). Images were ana-
lyzed using standard Caas MR Solutions software (Pie Medi-
cal Imaging, Maastricht, The Netherlands). Aortic valve,
pulmonary valve, and mitral valve annulus were tracked using
automated retrospective valve tracking in two orthogonal
views.23 Automated tracking was reviewed in each phase, and
manually corrected as required. Flow was estimated for the
aortic, pulmonary and mitral valve. Flow contours were
adjusted manually in each phase. Pulmonary valve flow was
estimated to provide means of internal validation of results.

4DF-MR MITRAL REGURGITANT VOLUME
QUANTIFICATION. Mitral regurgitant volume was quanti-
tated indirectly, where Mitral regurgitant volume = mitral
forward flow volume (4DF-MR-derived) � aortic stroke vol-
ume (4DF-MR-derived). This method was chosen due to its
previously demonstrated superior reproducibility and high
level of precision.12

Transthoracic Echocardiography
TTE was performed in a standard manner as per the British
Society of Echocardiography guidelines; notably, mitral regur-
gitation assessment included evaluation of the mitral valve
and mitral regurgitant jet in the apical 4-chamber,
2-chamber, and 3-chamber view, with continuous wave
Doppler assessment of the mitral jet in the 4-chamber view,
which allows for measurement of maximum velocity and
velocity-time-integral.24

TTE Mitral Regurgitant Volume Quantification
This was based on the proximal isovelocity surface area
(PISA) method,25 where Mitral regurgitant volume =
effective regurgitant orifice area � velocity-time integral with
EROA = (2πr2 � Nyquist limit)/peak velocity and where
r = PISA radius.
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Six-Minute Walk Test
Functional exercise capacity was assessed using the 6MWT
distance (m) performed in accordance with the American
Thoracic Society guidelines.26

Clinical Outcomes
Major adverse cardiovascular events (MACEs) were defined as
the composite of all-cause death, myocardial infarction,
stroke/transient ischemic attack, hospitalization for heart fail-
ure and acute hospitalization for arrhythmia.

Statistical Analysis
Continuous variables are presented as mean � SD or median
with interquartile range as per normality of distribution. Nor-
mal distribution was determined by Anderson–Darling test.
Categorical data are presented as numbers and percentages.
Continuous variables were compared by means of Student t-
test (normal distribution) or Mann–Whitney test (non-
normal distribution). Categorical variables were compared
using Fisher’s Exact test. The agreement between the mitral
regurgitant volume between the different modalities was com-
pared with Bland–Altman plots. Linear regression analysis
was performed to examine the association between the pre-
operative mitral regurgitant volume and the post-operative
reduction in the LV end-diastolic volume index. Receiver
operating characteristic curves were utilized to assess the diag-
nostic performance of each modality; these were created by
using binary logistic regression of mitral regurgitant volume
calculated by the three methods and more than mean post-
operative reduction in the LV end-diastolic volume index. All
analyses were performed using Minitab (version 19) and sta-
tistical significance was defined as P < 0.05.

Results
Demographic, Clinical Characteristics, and Surgical
Procedural Data
Paired assessments were completed by 44 patients, of whom
15 were in the WW (age 67 [47–80] years; male N = 9
[60%]) group and 29 in the MV surgery group (age 69 [64–
72] years; male N = 21 [72.4%]) (Fig. 1).

“WATCHFUL WAITING” VS. MV SURGERY. The demo-
graphic and clinical characteristics were comparable between
the WW and the MV surgery group (Table 1). Patients in
the WW were mostly asymptomatic with New York Heart
Association class I dyspnoea (WW N = 11 [73.3%] vs. MV
surgery N = 10 [34.5%]). The most common etiology of
mitral regurgitation in both groups was posterior mitral valve
prolapse (WW N = 9 [60%] vs. MV surgery N = 19
[65.6%]; P = 0.75); bileaflet prolapse was the second most
prevalent etiology.

MV REPAIR VS. MV REPLACEMENT. There were no signifi-
cant differences in the demographic or clinical characteristics
between the MVr (age 68 [59–71] years; male N = 13
[81.3%]) and the MVR group (age 69 [63–74] years; male
N = 8 [61.5%]) (Table 2). A significantly larger proportion
of patients in the MVr group had posterior mitral valve pro-
lapse (MVr N = 13 [81.2%] vs. MVR N = 6 [46.2%]).
There were also no significant differences in the surgical pro-
cedural characteristics between these groups, in terms of
cumulative bypass time (MVr 119 [100–146] minutes
vs. MVR 111 [99–127] minutes) (Table 2). A small propor-
tion of patients in both groups underwent a concomitant

FIGURE 1: Patient flow and study assessments. 4DF-
MR = 4-dimensional flow cardiac magnetic resonance imaging;
6-minute walk test = 6-minute walk test; MR = mitral
regurgitation; MV = mitral valve; PMRI = phase-contrast magnetic
resonance imaging; TTE = transthoracic echocardiography.
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surgical procedure (coronary artery bypass grafting and/or tri-
cuspid valve repair), whereas one patient in the MVR group
also underwent surgical atrial fibrillation ablation. More than
half of the patients with MVR received a mechanical prosthe-
sis (N = 7 [53.8%]).

Baseline Imaging Characteristics
All 44 patients included in the study underwent baseline
PMRI, 4DF-MR, and TTE. Baseline imaging parameters in
all groups are shown in Table 3. An example of quantification
of mitral regurgitation volume by PMRI and 4DF-MR is
presented in Fig. 2.

“WATCHFUL WAITING” VS. MV SURGERY. With regard to
the PMRI characteristics, patients in the WW group had

significantly smaller mean LV end-diastolic volumes
(WW 208 � 42 mL vs. MV surgery 247 � 72 mL), but not
when indexed to body-surface area (WW 114 � 20 mL
vs. MV surgery 130 � 34 mL; P = 0.05 [95% confidence
interval �33.05, 0.06]). Left ventricular mass and LV mass
index were both significantly lower in the WW group
(LV mass WW 94 � 22 g vs. MV surgery 123 � 41 g and
LV mass index WW 51 � 11 g/m2 vs. MV surgery
64 � 16 g/m2). There were no significant differences between
the LV ejection fraction or stroke volume (LV ejection frac-
tion WW 59 � 6% vs. MV surgery 55 � 8%; stroke volume
121 � 24 mL vs. 134 � 37 mL, respectively). The right ven-
tricular ejection fraction was significantly higher in the WW
group (WW 54 � 6% vs. MV surgery 47 � 5%). Mitral reg-
urgitant volume was significantly lower in the WW group,

TABLE 1. Baseline Patient Characteristics in Patients Undergoing “Watchful Waiting” and MV Surgery

Variable Watchful Waiting, N = 15 MV Surgery, N = 29 P-Value

Age (years) 67 (47–80) 69 (64–72) 0.82

Male, N (%) 9 (60) 21 (72.4) 0.50

BMI (kg/m2) 23.8 � 3.7 25.7 � 5.4 0.17

EuroSCORE II 0.99 (0.50–2.74) 1.00 (0.69–1.33) 0.61

NYHA Class I, N (%) 11 (73.3) 10 (34.5) 0.03

NYHA Class II, N (%) 3 (20.0) 13 (44.8) 0.19

NYHA Class III, N (%) 1 (6.7) 6 (20.7) 0.39

NYHA Class IV, N (%) 0 (0) 0 (0) -

Hypertension, N (%) 2 (13.3) 9 (31.0) 0.28

Type 2 Diabetes Mellitus, N (%) 0 (0.0) 2 (6.9) 0.54

Atrial fibrillation, N (%) 3 (20.0) 13 (44.8) 0.19

Prior stroke/TIA, N (%) 2 (13.3) 1 (3.4) 0.26

Prior MI, N (%) 1 (6.7) 0 (0.0) 0.34

COPD, N (%) 1 (6.7) 0 (0.0) 0.34

Creatinine (μmol/L) 79 � 15 79 � 21 0.97

Hemoglobin (g/L) 135 � 12 141 � 9 0.07

6MWT distance (m) 355 � 116 383 � 81 0.41

Mitral regurgitation etiology

Posterior MVP, N (%) 9 (60.0) 19 (65.5) 0.75

Anterior MVP, N (%) 1 (6.7) 2 (6.9) 1

Bileaflet MVP, N (%) 5 (33.3) 8 (27.6) 0.74

Flail leaflet, N (%) 3 (20.0) 10 (34.5) 0.49

Data are presented as mean � SD, median (IQR1–IQR3) and N (%). 6MWT = six-minute walk test; BMI = body mass index;
COPD = chronic obstructive pulmonary disease; EuroSCORE = European System for Cardiac Operative Risk Evaluation;
MI = myocardial infarction; MVP = mitral valve prolapse; NYHA = New York Heart Association; TIA = transient ischemic attack.
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TABLE 2. Baseline Patient and Operative Characteristics in Patients Undergoing MV Repair and Replacement

Variable MV Repair, N = 16 MV Replacement, N = 13 P-Value

Age (years) 68 (59–71) 69 (63–74) 0.60

Male, N (%) 13 (81.3) 8 (61.5) 0.41

BMI (kg/m2) 24.5 (21.1–29.0) 25.6 (21.8–27.9) 0.78

EuroSCORE II 0.94 (0.68–1.37) 1.00 (0.78–2.16) 0.79

NYHA Class I, N (%) 7 (43.8) 3 (23.1) 0.43

NYHA Class II, N (%) 8 (50.0) 5 (38.5) 0.71

NYHA Class III, N (%) 1 (6.3) 5 (38.5) 0.06

NYHA Class IV, N (%) 0 (0) 0 (0) -

Hypertension, N (%) 7 (43.4) 2 (15.4) 0.13

Type 2 Diabetes Mellitus, N (%) 0 (0.0) 2 (15.4) 0.19

Atrial fibrillation, N (%) 6 (37.5) 7 (53.8) 0.47

Prior stroke/TIA, N (%) 1 (6.3) 0 (0.0) 1

Prior MI, N (%) 0 (0) 0 (0) -

COPD, N (%) 0 (0) 0 (0) -

Creatinine (μmol/L) 76 � 17 84 � 25 0.32

Hemoglobin (g/L) 140 � 9 143 � 10 0.45

6MWT distance (m) 406 � 79 356 � 76 0.09

Mitral regurgitation etiology

Posterior MVP, N (%) 13 (81.3) 6 (46.2) 0.06

Anterior MVP, N (%) 0 (0.0) 2 (15.4) 0.19

Bileaflet MVP, N (%) 3 (18.6) 5 (38.5) 0.41

Flail leaflet, N (%) 7 (43.4) 3 (23.1) 0.43

Operative data

Concomitant CABG, N (%) 1 (6.3) 2 (15.4) 0.57

Concomitant TV repair, N (%) 3 (18.8) 1 (7.7) 0.61

Concomitant surgical AF ablation, N (%) 0 (0.0) 1 (7.7) 0.45

Concomitant aorta surgery, N (%) 0 (0) 1 (7.7) 0.45

Cumulative bypass time (min) 119 (100–146) 110 (99–127) 0.37

Cumulative cross clamp time (min) 87 (69–108) 74 (67–90) 0.17

Attempted repair, N (%) - 1 (7.7) -

Mechanical valve, N (%) - 7 (53.8) -

Data are presented as mean � SD, median (IQR1–IQR3) and N (%). 6MWT = six-minute walk test; AF = atrial fibrillation;
BMI = body mass index; CABG = coronary artery bypass graft; COPD = chronic obstructive pulmonary disease;
EuroSCORE = European System for Cardiac Operative Risk Evaluation; MI = myocardial infarction; MV = mitral valve;
MVP = mitral valve prolapse; NYHA = New York Heart Association; TIA = transient ischemic attack; TV = tricuspid valve.
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than in the MV surgery group (WW 44 � 12 mL vs. MV
surgery 70 � 28 mL), as was the indexed mitral regurgitant
volume and the mitral regurgitant fraction.

With regard to the 4DF-MR parameters, the median
aortic stroke volume was significantly higher in the WW
group (WW 75 mL [61–82] vs. 56 mL [44–69]). Similar to

TABLE 3. Baseline Imaging Characteristics in WW Group Vs. MV Surgery and MV Repair Vs. MV Replacement

Watchful

Waiting,
N = 15

MV

Surgery,
N = 29

P-
Value

MV

Repair,
N = 16

MV

Replacement,
N = 13 P-Value

PMRI parameters

LV end-diastolic volume (mL) 208 � 42 247 � 72 0.03 239 � 59 258 � 87 0.50

LV end-diastolic volume index (mL/m2) 114 � 20 130 � 34 0.05 129 � 35 133 � 34 0.73

LV stroke volume (mL) 121 � 24 134 � 37 0.19 134 � 29 134 � 46 0.10

LV ejection fraction (%) 59 � 6 55 � 8 0.09 57 � 8 52 � 7 0.12

LV mass (g) 94 � 22 123 � 41 0.004 118 � 34 129 � 49 0.51

LV mass index (g/m2) 51 � 11 64 � 16 0.004 63 � 15 66 � 19 0.67

RV end-diastolic volume (mL) 163 (131–189) 177 (160–217) 0.20 188 � 43 182 � 54 0.75

RV end-diastolic volume index (mL/m2) 90 (75–98) 97 (83–111) 0.25 101 � 20 95 � 20 0.43

RV stroke volume (mL) 83 (67–104) 81 (67–107) 0.77 93 (74–107) 74 (66–107) 0.28

RV ejection fraction (%) 54 � 6 47 � 5 0.001 48 � 6 45 � 5 0.11

Mitral regurgitation volume (mL) 44 � 12 70 � 28 <0.001 64 � 20 76 � 35 0.30

Mitral regurgitation volume index (mL/m2) 25 � 7 37 � 13 <0.001 35 � 12 39 � 14 0.39

Mitral regurgitation fraction (%) 34 (29–46) 52 (41–58) <0.001 48 � 10 55 � 10 0.09

4DF-MR parameters

Mitral valve forward flow (mL) 134 � 32 142 � 45 0.49 146 � 41 137 � 51 0.62

Aortic valve stroke volume (mL) 75 (61–82) 56 (44–69) 0.06 55 (45–75) 56 (42–65) 0.32

Mitral regurgitation volume (mL) 63 � 26 83 � 41 0.048 83 � 34 83 � 49 0.98

Mitral regurgitation volume index (mL/m2) 35 � 15 44 � 21 0.09 45 � 20 43 � 24 0.84

Mitral regurgitation fraction (%) 47 (37–57) 58 (46–62) 0.045 54 � 13 55 � 17 0.95

TTE parameters

LV end-diastolic diameter—2D (mm) 53 � 8 57 � 6 0.07 57 � 5 58 � 7 0.73

LV end-systolic diameter—2D (mm) 34 � 6 39 � 7 0.02 39 � 6 40 � 7 0.71

LV ejection fraction by Teicholz

method (%)

63 � 8 59 � 9 0.13 60 � 9 57 � 8 0.51

Mitral regurgitation volume—PISA (mL) 67 (47–85) 80 (68–112) 0.04 103 � 44 78 � 30 0.08

Mitral regurgitation volume index (mL/m2) 32 (24–52) 44 (36–55) 0.14 47 (41–73) 41 (34–48) 0.13

Mitral regurgitation fraction—PISA (%) 53 � 17 58 � 12 0.25 61 � 12 55 � 13 0.25

Vena contracta (cm) 0.5 � 0.1 0.6 � 0.2 0.46 0.6 � 0.2 0.5 � 0.2 0.26

PISA radius (cm) 0.9 � 0.2 1.0 � 0.2 0.24 1.1 � 0.2 1.0 � 0.3 0.43

EROA (cm2) 0.46 � 0.19 0.60 � 0.25 0.06 0.65 � 0.25 0.53 � 0.25 0.20

Jet area/left atrium area (%) 42 (37–49) 36 (29–49) 0.07 37 (31–61) 30 (23–38) 0.14

E-wave velocity (m/s) 1.2 � 0.4 1.3 � 0.3 0.18 1.2 � 0.3 1.4 � 0.3 0.09

Note: Bolded values represents P < 0.05 statistically significant.
Data are presented as mean � SD and median (IQR1–IQR3). 2D = two-dimensional; 4D = four-dimensional; EROA = effective reg-
urgitant orifice area; LV = left ventricle; MR = cardiac magnetic resonance imaging; MV = mitral valve; PISA = proximal isovelocity
surface area; RV = right ventricle; TTE = transthoracic echocardiography; WW = watchful waiting.
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the PMRI findings, mitral regurgitant volume and regurgitant
fraction were significantly lower in the WW group (volume
WW 58 � 24 mL vs. MV surgery 79 � 40 mL and fraction
45 [35–55]% vs. 57 [45–61]%, respectively).

With regard to the TTE parameters, the LV end-
systolic diameter was significantly smaller in the WW group
(WW 34 � 6 mm vs. MV surgery 39 � 7 mm). The median
mitral regurgitant volume was much smaller in the WW
group than in the MV surgery group (67 mL [47–85]
vs. 80 mL [68–112], respectively).

MV REPAIR VS. MV REPLACEMENT. When assessed by
PMRI, there were no significant differences between the left
ventricular (LV end-diastolic volume index MVr
129 � 35 mL/m2 vs. 133 � 34 mL/m2; P = 0.50 and LV
ejection fraction 57 � 8% vs. 52.7%, respectively;
P = 0.12), right ventricular (RV ejection fraction 48 � 6%
vs. 45 � 5%, respectively; P = 0.11) or mitral regurgitant
volume parameters (MVr 62 � 20 mL vs. MVR
76 � 35 mL; P = 0.30) between these groups.

When assessed by 4DF-MR, mitral regurgitant volume
(MVr 79 � 34 mL vs. MVR 79 � 47 mL; P = 0.98), inde-
xed volume (MVr = 40 [22–57]mL/m2 vs. MVR
39 � 14 mL/m2; P = 0.89) and fraction (MVr 56 [38–61]%
vs. MVR 59 [45–61]%; P = 0.78) were similar between the
repair and the replacement group.

With regards to the TTE characteristics, there were also no
significant differences between the two groups, Mitral regurgitant
volume (MVr 103 � 44 mL vs. MVR 78 � 30 mL; P = 0.08).

ALL PATIENTS. The relationship between mitral regurgitant
volume between the different modalities is demonstrated by
Bland–Altman analysis in Fig. 3. The bias was similar
between all the modalities: 4DF-MR and PMRI (15; 95%
confidence interval [7, 23]), 4DF-MR and TTE (�8;
95% confidence interval [�23, 7]), and PMRI and TTE
(�23; 95% confidence interval [�39, �10]). The limits of
agreement, however, were narrower between 4DF-MR and
PMRI (�35 mL to 65 mL), than between 4DF-MR and
TTE (�106 mL to 90 mL), and between PMRI and
TTE (�105 mL to 59 mL).

Left and Right Ventricular Reverse Remodeling at
6-Month Follow-Up

“WATCHFUL WAITING” VS. MV SURGERY. There were sig-
nificant differences in the extent of reverse remodeling at
6-month follow-up between the WW group and patients
who underwent MV surgery (Table 4). Compared with WW
group, patients in the MV surgery group had a significant
reduction in LV end-diastolic volume (WW �2 � 25 mL
vs. MV surgery �61 � 44 mL), LV stroke volume
(WW 1 � 18 mL vs. MV surgery �55 � 30 mL), and LV
ejection fraction (WW 1 � 4% vs. MV surgery
�11 � 10%). Left ventricular mass also significantly reduced
in the MV surgery group (WW 2 � 8 g vs. MV surgery
�9 � 18 g). With regards to the right ventricular parameters,
there was a significant decrease in the right ventricular end-
diastolic volume in patients who underwent MV surgery
(WW 0 � 11 mL vs. MV surgery �20 � 31 mL).

FIGURE 2: An example of assessment of mitral regurgitation by 4DF-MR and PMRI. An example of assessment of mitral regurgitation
by the different modalities. Top row presents assessment by 4DF-MR. Panel (a) shows forward flow through the mitral valve and its
quantification. Panel (b) shows aortic valve forward flow and its quantification. Middle row presents assessment by PMRI. Panel (c)
shows quantification of left ventricular end-diastolic and end-systolic volume. Panel (d) shows quantification of aortic forward flow on
phase-contrast image and the corresponding flow-time graph. 4DF-MR = 4-dimensional flow magnetic resonance imaging;
AV = aortic valve; LV EDV = left ventricular end-diastolic volume; LV ESV = left-ventricular end-systolic volume; MV = mitral valve;
PMRI = phase-contrast magnetic resonance imaging.
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MV REPAIR VS. MV REPLACEMENT. There were no signifi-
cant differences in the amount of left and right ventricular
reverse remodeling at 6 months between patients who under-
went MVr and MVR (LV end-diastolic volume MVr
�51 � 33 mL vs. MVR �74 � 54 mL; P = 0.18 and right
ventricular end-diastolic volume �21 [�37 to �9]mL
vs. �10 [�35 to 7]mL, respectively; P = 0.32) (Table 4).

ASSOCIATION OF PRE-OPERATIVE MITRAL REGUR-
GITATION VOLUME AND POST-OPERATIVE LV REVERSE
REMODELING. Results of the linear regression analysis
between the post-operative change in left ventricular end-
diastolic volume index and the pre-operative mitral reg-
urgitant volume quantified by all modalities in the MV sur-
gery group are shown in Fig. 4. There was a significant
association between the post-operative reduction in the LV
end-diastolic volume index and the pre-operative mitral reg-
urgitant volume, when the mitral regurgitant volume was
quantified by 4DF-MR and by PMRI. There was no correla-
tion when the mitral regurgitant volume was quantified by
the TTE (P = 0.73). Furthermore, the receiver operator char-
acteristic curves of mitral regurgitant volume for post-
operative reduction in LV end-diastolic volume index (more
than mean volume of 32 mL/m2) demonstrated better perfor-
mance by 4DF-MR (area under the curve 0.83) and PMRI
(area under the curve 0.78), than by TTE (area under the
curve 0.51; P = 0.89) (Fig. 5).

Clinical Outcomes and Functional Capacity

“WATCHFUL WAITING” VS. MV SURGERY. The mean dura-
tion of follow-up was similar in both groups (WW 42.1 � 24.9
months vs. MV surgery 51.5 � 13.5 months; P = 0.19)
(Table 5). There were no significant differences between the rate
of MACE (WW 5 [33]% vs. MV surgery 8 [27.6]%;
P = 0.74) between these groups. There was, however, a signifi-
cant improvement in the 6MWT distance in the MV surgery
group (WW 4 � 48 m vs. MV surgery 55 � 60 m). There
was, however, no association between the post-operative
LVEDVi change and 6MWT distance change (P = 0.80).

MV REPAIR VS. MV REPLACEMENT. There were no signifi-
cant differences in the rate of the MACE between the MVr
and the MVR groups (MVr 5 [31.3]% vs. MVR
3 [23.1]%; P = 0.70).

Discussion
We have shown that not only the mitral regurgitant volume
quantified by 4DF-MR is in close agreement with PMRI in
primary mitral regurgitation, but also, that there is an associa-
tion between the pre-operative 4DF-MR-derived mitral reg-
urgitant volume and the post-operative reduction in the LV
end-diastolic volume index. Furthermore, 4DF-MR

demonstrated better performance than PMRI and TTE for
identifying a greater than the mean reduction in post-operative
LV end-diastolic volume index. Finally, this study has shown
no difference in the degree of post-operative left ventricular
reverse remodeling or the functional capacity and clinical out-
comes between mitral valve repair and replacement.

Quantification of Mitral Regurgitation Volume by
4DF-MR, PMRI, and TTE
Quantification of mitral regurgitation by TTE may be partic-
ularly difficult in primary mitral regurgitation, which is fre-
quently complicated by late-systolic, multiple or eccentric
jets, rendering the PISA method somewhat inaccurate.21

Although PMRI overcomes these limitations, 4DF-MR has
several advantages, making it potentially a very useful
addition to the standard PMRI scan protocol. This novel
technique is free breathing, requires only simple planning and
enables direct assessment of flow across all four cardiac valves
in one acquisition.27

Prior studies demonstrated, that 4DF-MR is feasible
and reproducible in mitral regurgitation.28 Moreover, quanti-
fication of mitral valve flow by 4DF-MR was accurate even in
the presence of atrial fibrillation and regardless of the scanner
type and scan protocol.13,29 A study by Fidock et al showed
that mitral regurgitation volume quantitated with 4DF-MR
utilizing the indirect method, where 4DF-MR-derived aortic
stroke volume was subtracted from 4DF-MR-derived mitral
forward flow, was comparable to the standard PMRI assess-
ment; this method also had the highest reproducibility.12

With regard to TTE, the results were somewhat variable, pos-
sibly owing to the different etiologies of mitral regurgitation
being evaluated. A recent study of patients with mitral valve
prolapse found that TTE assessment yielded much larger reg-
urgitant volumes than PMRI or 4DF-MR, while regurgitant
volumes were underestimated by TTE in functional mitral
regurgitation.30,31 In this study, the limits of agreement were
narrower between mitral regurgitant volume assessed by 4DF-
MR and PMRI, than between 4DF-MR and TTE or PMRI
and TTE, while the mean bias was similar between all the
modalities. It has been shown previously that the TTE-PISA
method in mitral valve prolapse may overestimate Mitral reg-
urgitant volume, as the PISA radius is obtained from a single
systolic frame, which may not accurately reflect the overall
severity of mitral regurgitation. The presence of eccentric and
multiple regurgitant jets can also render it inaccurate.21 This
may explain the results of this study.

Correlation of Pre-Operative Mitral Regurgitation
Volume With Post-Operative LV Reverse
Remodeling
The discordance in mitral regurgitation severity between
PMRI and TTE has been shown in several studies.7,8,32 Fur-
thermore, studies showed that mitral regurgitant volume
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FIGURE 3: Bland–Altman plots. Bland–Altman plots of the relationship between mitral regurgitant volume quantified by: panel (a)
4DF-MR and PMRI, panel (b) 4DF-MR and TTE-PISA and panel (c) PMRI and TTE-PISA. Green line represents bias, which was similar
between all modalities: 4DF-MR and PMRI (15), than between 4DF-MR and TTE-PISA (�8) and PMRI and TTE-PISA (�23). The limits
of agreement, however, are narrower between 4DF-MR and PMRI, than between the other modalities. 4DF-MR = 4D flow magnetic
resonance imaging; LLA = lower limit of agreement; PMRI = phase-contrast magnetic resonance imaging; RV = regurgitant volume;
TTE-PISA = transthoracic echocardiography-proximal isovelocity surface area method; ULA = upper limit of agreement.
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assessed by PMRI had prognostic associations, while mitral reg-
urgitant volume assessed by TTE did not.7,8,21 In asymptomatic
patients, severe mitral regurgitation by PMRI was the best pre-
dictor of progression to surgery and all-cause mortality, whereas
in the surgical cohort, there was a significant correlation between
the PMRI-assessed mitral regurgitation severity with the post-
operative reduction in the left ventricular end-diastolic vol-
ume.7,8,32 Up to date, no studies have examined the relationship
between 4DF-MR-derived mitral regurgitant volume and the
post-operative LV reverse remodeling. In this study, there was a
significant association between the mitral regurgitant volume
assessed by 4DF-MR and PMRI with the post-operative reduc-
tion in the left ventricular end-diastolic volume index. In line
with the aforementioned studies, however there was no correla-
tion between the TTE-derived mitral regurgitant volume and
the post-operative decrease in the LV end-diastolic volume
index. This holds promise for the clinical applicability of 4DF-
MR in the assessment of primary mitral regurgitation.

Furthermore, the receiver operating characteristic
analysis in this study showed that, both 4DF-MR- and PMRI-
derived mitral regurgitant volume demonstrated superior diag-
nostic performance to TTE for identification of a more than

mean reduction in the post-operative LV end-diastolic volume
index. Although no prior studies examined the diagnostic perfor-
mance of 4DF-MR-derived mitral regurgitant volume in terms
of post-operative LV reverse remodeling or clinical outcomes,
the previous PMRI studies demonstrated good diagnostic perfor-
mance of PMRI-derived mitral regurgitant volume for the devel-
opment of a surgical indication and for all-cause mortality, while
TTE showed much lower prognostic value.7,21

As both, PMRI and 4DF-MR-derived mitral regurgitant
volume in this study was obtained indirectly, errors due to mul-
tiple, eccentric and late-systolic jets, which are inherent in pri-
mary mitral regurgitation were potentially reduced. Although
these indirect methods, which quantitate mitral regurgitant vol-
ume by subtracting the aortic forward flow from the LV stroke
volume in PMRI and aortic stroke volume from the mitral for-
ward flow in 4DF-MR are also bound by their own limitations,
the indirect approach is the preferred PMRI method and the
most reproducible 4DF-MR method.12,17 In summary, this
study demonstrates the potential clinical utility of 4DF-MR in
assessment of primary mitral regurgitation, which can be either,
an add on to a standard PMRI scan protocol to ensure consis-
tency of results or an isolated approach in those unable to

TABLE 4. Left and Right Ventricular Reverse Remodeling at 6 Months by Cardiac MRI

Variable

Watchful
Waiting,
N = 15

MV
Surgery,
N = 29 P-Value

MV
Repair,
N = 16

MV
Replacement,

N = 13 P-Value

LV end-diastolic
volume (mL)

�2 � 25 �61 � 44 <0.001 �51 � 33 �74 � 54 0.18

LV end-diastolic volume
index (mL/m2)

�1 � 12 �32 � 21 <0.001 �28 � 18 �38 � 23 0.24

LV end-diastolic volume (%) �1 � 11 �24 � 14 <0.001 �22 � 13 �28 � 16 0.27

LV stroke volume (mL) 1 � 18 �55 � 30 <0.001 �52 � 24 �59 � 37 0.60

LV ejection fraction (%) 1 � 4 �11 � 10 <0.001 �11 � 7 �10 � 12 0.71

LV mass (g) 2 � 8 �9 � 18 0.008 �10 � 20 �7 � 16 0.72

LV mass index (g/m2) 1 � 4 �5 � 10 0.01 �6 � 11 �4 � 8 0.53

LV mass (%) 3 � 18 �7 � 16 0.007 �8 � 17 �6 � 15 0.68

RV end-diastolic volume
(mL)

0 � 11 �20 � 31 0.003 �21 (�37 to �9) �10 (�35 to 7) 0.32

RV end-diastolic volume
index (mL/m2)

0 � 6 �10 � 14 0.002 �12 � 12 �8 � 17 0.51

RV stroke volume (mL) �1 � 9 �7 � 20 0.24 �7 (�19 to �1) �1 (�9 to 15) 0.054

RV ejection fraction (%) 0 � 4 1 � 8 0.33 0 (�4 to 5) �3 (0–8) 0.08

Note: Bolded values represents P < 0.05 statistically significant.
Data are presented as mean � SD and median (IQR1–IQR3). MR = magnetic resonance imaging; LV = left ventricle; MV = mitral
valve; RV = right ventricle.
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tolerate breath-holding or a full, standard PMRI scan protocol.
This study also indicated that TTE-derived mitral regurgitant
volume may need to be interpreted with caution in the setting
of primary mitral regurgitation.

Left Ventricular Reverse Remodeling and Clinical
Outcomes in Mitral Valve Repair Vs. Replacement
Current guidelines recommend mitral valve repair, rather
than replacement if repair is feasible and likely to be

FIGURE 4: Linear regression analysis between post-operative change in LV end-diastolic volume index and pre-operative MR-
Rvol. Panel (a) presents mitral regurgitant volume quantified by 4DF-MR, panel (b) by PMRI and panel (c) by the TTE-PISA method.
4DF-MR = 4D flow magnetic resonance imaging; LV = left ventricle; LVEDVi = left ventricular end-diastolic volume index; MR-
Rvol = mitral regurgitant volume; PMRI = phase-contrast magnetic resonance imaging; TTE-PISA = transthoracic echocardiography-
proximal isovelocity surface area method.
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durable.3,4 There are, however no randomized controlled tri-
als to support this approach. While observational studies in
primary mitral regurgitation suggest survival advantage in
mitral valve repair, the advancement of surgical techniques

with the widespread use of chordal preservation techniques
may improve the LV reverse remodeling following
MVR.14–16 In this study, there were no significant differences
in left and right ventricular reverse remodeling at 6-month

FIGURE 5: Receiver operating characteristic curves. ROC curves of mitral regurgitant volume for reduction of the left ventricular
end-diastolic volume index (>mean of 32 mL/m2). In panel (a), mitral regurgitant volume was quantified by 4DF-MR, in panel (b) by
PMRI and in panel (c) by TTE-PISA. The area under the curve is greater with 4DF-MR (0.83; P = 0.04) and PMRI (0.78; P = 0.03), than
with TTE (0.51; P = 0.89). 4DF-MR = 4D flow magnetic resonance imaging; PMRI = phase-contrast magnetic resonance imaging;
ROC = receiver operating characteristic; TTE-PISA = transthoracic echocardiography-proximal isovelocity surface area method.

13

Gorecka et al.: DF-MR in Mitral Regurgitation

 15222586, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.29284 by U
niversity O

f L
eeds T

he B
rotherton L

ibrary, W
iley O

nline L
ibrary on [20/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



follow-up. There was also no significant difference in the
improvement in 6MWT distance between these two groups
at 6-month follow-up. Furthermore, with regard to MACE,
at a median follow up of 51.5 � 13.5 months, there were no
significant differences in the rate of MACE composite or the
individual MACE components between MVr and MVR. As
the follow-up duration in this study was relatively short, the
long-term differences in the rate of MACE remain to be
determined.

Limitations
This was a single-center, single-magnet/field strength and
single-vendor prospective observational study and thus bound
by limitations inherent in all observational studies. This study
recruited a small number of only stable patients undergoing
elective surgery, who were able to undergo paired study
assessments, therefore creating survivor bias. In terms of the
echocardiographic evaluation, this study only utilized
the TTE-PISA method, which is known to particularly prob-
lematic in primary mitral regurgitation.21 Although this was a
relatively small study, prior 4DF-MR studies were similar in
size. A large proportion of patients were unfortunately
excluded not only due to death and patient’s choice, but also
due to suboptimal 4DF-MR image quality and artifact as well
as lack of a full 4DF-MR dataset availability in some cases.
Despite the above limitations, this study does add to the
growing body of evidence that 4DF-MR might be useful in
assessment of primary mitral regurgitation in contemporary
clinical practice.

Conclusions
This study evaluated the relationship between the pre-
operative mitral regurgitant volume quantitated by 4DF-MR
and the post-operative LV reverse remodeling. Limits of
agreement were much narrower between 4DF-MR and
PMRI, than between the other modalities. Similar to PMRI,
there was a significant correlation between the pre-operative
4DF-MR-derived mitral regurgitant volume in primary mitral
regurgitation and the post-operative reduction in the LV end-
diastolic volume index, while there was no correlation when
the mitral regurgitant volume was assessed by TTE. More-
over, 4DF-MR and PMRI demonstrated superior diagnostic
performance to TTE. Although the results need to be verified
in a larger study, they hold promise for the clinical utility of
4DF-MR in the future assessment of primary mitral
regurgitation.
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TABLE 5. Comparison of Outcomes Between WW Group Vs. MV Surgery and MV Repair Vs. MV Replacement

Variable

Watchful
Waiting,
N = 15

MV
Surgery,
N = 29

P-
Value

MV
Repair,
N = 16

MV
Replacement,

N = 13
P-

Value

Follow-up duration (months) 42.1 � 24.9 51.5 � 13.5 0.19 48.7 � 12.8 54.9 � 13.9 0.23

MACE, N (%) 5 (33.3) 8 (27.6) 0.74 5 (31.3) 3 (23.1) 0.70

Death, N (%) 2 (13.3) 0 (0.0) 0.11 0 (0) 0 (0) -

Myocardial infarction, N (%) 0 (0) 0 (0) - 0 (0) 0 (0) -

Stroke/TIA, N (%) 0 (0.0) 3 (10.3) 0.54 2 (12.5) 1 (7.7) 1

Hospitalization due to HF, N (%) 2 (13.3) 3 (10.3) 1 1 (6.3) 2 (15.4) 0.57

Acute presentation due to
arrhythmia, N (%)

2 (13.3) 3 (10.3) 1 2 (12.5) 1 (7.7) 1

Change in 6-minute walk test
distance at 6 months

4 � 48 55 � 60 0.004 38 � 47 76 � 69 0.11

Note: Bolded values represents P < 0.05 statistically significant.
Data are presented as mean � SD and N (%). HF = heart failure; MACE = Major Adverse Cardiovascular Events; MV = mitral valve;
TIA = transient ischemic attack; WW = watchful waiting; 6-minute walk test = 6-minute walking test.
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