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Abstract

Purpose Exercise imaging using current modalities can be challenging. This was patient focused study to establish the fea-

sibility and reproducibility of exercise-cardiovascular magnetic resonance imaging (EX-CMR) acquired during continuous 

in-scanner exercise in asymptomatic patients with primary mitral regurgitation (MR).

Methods This	was	a	prospective,	feasibility	study.	Biventricular	volumes/function,	aortic	flow	volume,	MR	volume	(MR-
Rvol) and regurgitant fraction (MR-RF) were assessed at rest and during low- (Low-EX) and moderate-intensity exercise 

(Mod-EX) in asymptomatic patients with primary MR.

Results Twenty-five	patients	completed	EX-CMR	without	complications.	Whilst	there	were	no	significant	changes	in	the	left	
ventricular	(LV)	volumes,	there	was	a	significant	increase	in	the	LVEF	(rest	63	±	5%	vs.	Mod-EX	68	±	6%;p = 0.01). There 

was	a	significant	reduction	in	the	right	ventricular	(RV)	end-systolic	volume	(rest	68	ml(60–75)	vs.	Mod-EX	46	ml(39–
59);p <	0.001)	and	a	significant	increase	in	the	RV	ejection	fraction	(rest	55	±	5%	vs.	Mod-EX	65	±	8%;p < 0.001). Whilst 

overall,	there	were	no	significant	group	changes	in	the	MR-Rvol	and	MR-RF,	individual	responses	were	variable,	with	MR-
Rvol increasing by ≥	15	ml	in	4(16%)	patients	and	decreasing	by	≥	15	ml	in	9(36%)	of	patients.	The	intra-	and	inter-observer	
reproducibility	of	LV	volumes	and	aortic	flow	measurements	were	excellent,	including	at	Mod-EX.
Conclusion EX-CMR is feasible and reproducible in patients with primary MR. During exercise, there is an increase in the 

LV and RV ejection fraction, reduction in the RV end-systolic volume and a variable response of MR-Rvol and MR-RF. 

Understanding the individual variability in MR-Rvol and MR-RF during physiological exercise may be clinically important.

Keywords Exercise testing · Stress testing · Cardiovascular magnetic resonance · Mitral regurgitation
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PCMR  Phase-contrast CMR

RF  Regurgitant fraction

RV  Right ventricle

Rvol  Regurgitant volume

SD  Standard deviation

TTE  Transthoracic echocardiography

Introduction

In severe primary mitral regurgitation (MR), surgery is rec-

ommended in symptomatic patients or those with left ven-

tricular (LV) dysfunction or dilated end-systolic cavity [1]. 

In patients with high likelihood of successful repair and low 

operative mortality, mitral valve repair is also recommended 

in	 those	 with	 new-onset	 atrial	 fibrillation	 or	 pulmonary	
hypertension [1]. However, in some cases, irreversible left 

ventricular remodelling may occur before the surgery. As 

such, appropriate timing of surgical intervention and iden-

tifying	patients,	who	can	potentially	benefit	from	early	sur-
gery is crucial to prevent adverse outcomes and to improve 

prognosis.

Exercise testing plays an important role in patients with 

asymptomatic MR [1, 2]. Exercise transthoracic echocar-

diography (EX-TTE) can provide useful insights into the 

physiological LV response to exercise and examine changes 

in MR during exercise [1, 2]. However, EX-TTE has several 

limitations, such as poor acoustic windows [3], and can be 

very	challenging	due	to	motion	artefact	–	in	fact,	quantifica-

tion of MR during exercise has been found to be possible 

only in about 50% of cases [4]. 

Quantification	 of	 primary	 MR	 by	 cardiovascular	 mag-

netic resonance (CMR) imaging has been shown to have 

better prognostic association in asymptomatic MR than 

TTE [5, 6]. Moreover, CMR is the reference-standard for 

assessment of the LV and right-ventricular (RV) size and 

function [7, 8]. Exercise-CMR (EX-CMR) can, therefore, 

potentially overcome the limitations of EX-TTE and add 

diagnostic value in the assessment of asymptomatic patients 

with primary MR.

EX-CMR assessment of biventricular volumes has been 

shown to be feasible and reproducible in a small study of 

patients with primary MR [9]. Although in this study aortic 

flow	measurements	were	 not	 performed,	which	 prevented	
assessment of MR severity and its response to exercise, we 

have also demonstrated the feasibility of bi-ventricular vol-

umes	 and	 aortic	 flow	 assessment	 by	 EX-CMR	 in	 healthy	
volunteers [10]. 

EX-CMR	 enables	 assessment	 of	 the	 effective	 forward	
ejection fraction, a novel concept that has been previously 

demonstrated in resting CMR and shown to correlate bet-

ter with the post-operative left ventricular ejection fraction 

(LVEF) [11]. This, however, has never been assessed dur-

ing physiological exercise in patients with primary MR. 

EX-CMR could, therefore, potentially identify patients who 

would	benefit	from	an	early	surgical	referral	as	it	may	add	
diagnostic and prognostic information.

Therefore, we sought to describe (1) the feasibility and 

reproducibility of EX-CMR assessment of biventricular 

volumes	and	aortic	flow	volume	in	patients	with	asymptom-

atic primary MR, during continuous supine in-scanner exer-

cise, utilising vendor provided pulse sequences and standard 

analysis	software;	and	(2)	the	biventricular	and	MR	regur-
gitant volume (MR-Rvol) and regurgitant fraction (MR-RF) 

changes that occur during exercise in this group of patients.

Materials and methods

Study population

This was a prospective, single-centre feasibility study. We 

recruited patients with at least moderate primary MR, who 

were asymptomatic and had LVEF > 55%. We excluded 

patients with (a) secondary MR (atrial, ischaemic) and those 

with rheumatic aetiology, (b) indication for surgery as per 

the	 2017	 European	 Society	 of	 Cardiology	 guidelines	 [1]: 

atrial	 fibrillation,	 evidence	 of	 pulmonary	 hypertension	 on	
TTE of ≥ 50mmHg or dilated LV cavity (LV end-systolic 

dimension ≥	45	 mm),	 (c)	 significant	 aortic	 valve	 disease	
on TTE (> mild), (d) prior myocardial infarction, (e) sig-

nificant	 respiratory	 disease,	 (f)	 contraindications	 to	 exer-
cise stress testing [12] and (g) general contraindications to 

CMR. Diagnosis of at least moderate MR was based on the 

American Society of Echocardiography guidelines [13]. 

The study was approved by the National Research Ethics 

Service	(18/YH/0168),	had	institutional	approval	and	com-

plied with the Declaration of Helsinki. All patients provided 

written informed consent.

Exercise protocol

Patients exercised on a supine cycle ergometer (Lode BV, 

Netherlands) during the CMR scan. The exercise protocol 

used in this study was in accordance with the heart rate 

reserve (HRR) and an age predictive maximal heart rate 

model [14].	In	line	with	this	model,	an	individual	low	(30–
39%	HRR)	and	moderate	(40–59%	HRR)	exercise	intensity	
was	defined	 for	 each	patient.	The	 age-predictive	maximal	
heart rate was calculated as per the following formula [14]:

maximal heart rate =	208	−	0.7	x	 age.	This	method	was	
chosen as it was developed from a population with a wide 

age	range	and	fitness	level.
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The low and moderate intensities were calculated as per 

the Karvonen method according to the following equation:

%HRR=((maximal heart rate − heart rate at rest) x % 

desired intensity of exercise) + HR (heart rate) rest [15]. 

This method was used as it takes into account the lower 

resting and exercise heart rate, which occurs in supine posi-

tion. Following resting imaging, patients exercised with no 

resistance (0 Watts) for 1 min, with a subsequent increase 

in	the	resistance	by	25	Watts	every	2	min	and	ideally	60–70	
revolutions per minute. This was continued until the low 

intensity target heart rate was reached and stabilised for 

1 min, at which point CMR scanning was performed. When 

required, small increases in resistance were carried out to 

maintain the target heart rate. Once the low intensity stage 

was complete, further increase in resistance of 25 Watts 

every 2 min were undertaken until the moderate inten-

sity target heart rate was reached and stabilised for 1 min, 

whereupon further CMR scanning was performed. Patients 

exercised continuously with the CMR acquisition under-

taken during exercise (rather than with exercise cessation), 

using a navigated free-breathing pulse sequence and with 

the receiver coil strapped to the patient to ensure consis-

tency of the coil-to-body position. Patients were instructed 

to hold onto handrails mounted at the side of the scanner 

in order to stabilise themselves during the scan and reduce 

motion artefact. Optimal patient preparation also included 

instructions on consistent thoracic breathing, skin prepara-

tion to maximize interface between electrode and skin and 

securing vector electrocardiogram connections onto ante-

rior chest wall with tape.

CMR protocol

All EX-CMR studies were conducted on a 1.5T Philips 

Ingenia (Best, The Netherlands) system. The CMR imaging 

protocols used were previously validated in healthy volun-

teers in our centre [10]. All images were acquired using ret-

rospective ECG gating. CMR scan protocol (Fig. 1), which 

took about 45 min to complete, included:

CMR =	cardiovascular	magnetic	resonance;	CS3	= rate 3 

compressed	sensing;	LV	=	left	ventricle;	THR	= target heart 

rate.

 

 Imaging at rest.

a) Survey images.

b) Free-breathing transverse Half-Fourier Acquisition Sin-

gle-shot Turbo spin Echo imaging.

c) Cine images acquired with breath-hold balanced steady-

state free precession sequence:

 a. 4-chamber view and vertical-long axis view.

b.	 2	orthogonal	LV	outflow	tract	views.
c. LV short-axis stack. Sequence parameters: typical 

field-of-view	 300	×	360	 mm,	 10	 mm	 slice	 thick-

ness with 0 mm gap, repetition time 3.2ms, echo 

time	 1.58ms,	 flip	 angle	 60°,	 sensitivity	 encod-

ing (SENSE) factor 2, 30 reconstructed phases, 

acquired matrix 192 ×	158	and	acquired	voxel	size	
1.88	×	1.88	mm,	 typical	 total	 scan	 duration	 60s	 (6	
breath-holds).	 Quantification	 of	 right	 ventricular	
volumes/function was performed on the short-axis 

cine images.

Fig. 1 Exercise-CMR scan 

protocol
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Moderate-intensity exercise (Mod-EX) imaging

a) As per low-intensity exercise imaging.

CMR image analysis

Analysis was performed by MG and TC using post-pro-

cessing software (cvi42, Circle Cardiovascular Imaging, 

Calgary, AB, Canada). Blinded intra-observer analysis was 

performed by MG and blinded inter-observer analysis was 

performed by TC and NJ. Left and right ventricular volumes 

were obtained by manually tracing the endocardial border 

in end-diastole and end-systole, with trabeculations and 

papillary muscles being included in the blood pool. Final 

volumes were obtained by the summation of discs method 

[17].	Aortic	 flow	 was	 quantified	 by	 manually	 tracing	 the	
endovascular border in every cardiac phase. The slice clos-

est to the sinotubular junction was chosen from the exercise 

PCMR	stack	for	quantification	of	aortic	flow	at	exercise	to	
ensure consistency of results. Mitral regurgitant volume 

was	obtained	indirectly,	by	substracting	aortic	forward	flow	
(AFF) volume from the LV stroke volume (LVSV). Mitral 

regurgitant fraction was obtained by dividing the MR-RVol 

by	LVSV.	Effective	forward	LVEF	was	calculated	as:	AFF/
LVEDV as previously described [11]. 

Statistical analysis

Continuous variables are presented as mean ± SD (standard 

deviation) or median with interquartile range as per normal-

ity of distribution. Normal distribution was determined by 

Anderson-Darling test. Categorical variables are expressed 

as numbers and percentages. Continuous variables were 

compared by means of Student t-test (normal distribution) 

or	Mann-Whitney	test	(non-normal	distribution).	The	differ-
ences in continuous variables between rest, low- and moder-

ate-intensity exercise were compared by repeated measures 

Analysis of Variance with Bonferroni correction for nor-

mally distributed variables and Friedman’s test with Bonfer-

roni	correction	(if	significant)	for	non-normally	distributed	
variables. The reproducibility was assessed by intra-class 

correlation with a two-way random model for absolute 

agreement	and	a	95%	confidence	interval,	it	was	defined	as	
excellent when ICC was > 0.9, good >	0.75,	moderate	> 0.5 

and poor <	0.5.	Furthermore,	it	was	assessed	by	coefficient	
of variation and mean biases obtained from Bland-Altman 

plots. All analyses were performed using IBM SPSS (ver-

sion	 27)	 and	 Minitab	 (version	 19);	 statistical	 significance	
was	defined	with	a	two-sided	P < 0.05.

d) Through-plane aortic phase contrast breath-held images 

(PCMR): planned at sino-tubular junction and orthog-

onal to the vessel [16]. Velocity encoding was set to 

150	 cm/s.	 Sequence	 parameters:	 typical	 field-of-view	
350 ×	282	 mm,	 slice	 thickness	 8	 mm,	 repetition	 time	
4.9ms,	 echo	 time	 2.9ms,	 flip	 angle	 15°,	 number	 of	
signal averages 1, SENSE factor 2, 30 reconstructed 

phases, acquired matrix 140 × 113, acquired voxel size 

2.5 ×	2.5	mm,	Cartesian	sampling,	turbo	field	echo	fac-

tor 3, typical total scan duration 20s.

e) Compressed-SENSE (C-SENSE) protocol:

 a. Rate 3 C-SENSE LV short-axis cine stack: free-

breathing, respiratory navigator gated continuous 

imaging with rate 3 C-SENSE. Respiratory navi-

gation was performed by means of the respiratory 

echo-based navigator, which was positioned on the 

right hemi-diaphragm. There was a 5 mm acceptance 

window with continuous gating level drift. Imaging 

parameters:	typical	field-of-view	300	× 300 mm, 

repetition	time	2.4ms,	echo	time	1.2,	flip	angle	
60°.	Multishot	turbo	field	echo	factor	12,	acquired	
heart phases 34, slice thickness 10 mm, 0 mm gap, 

acquired voxel size 2.5 × 3.45 mm, acquired matrix 

120 ×	87,	typical	total	scan	duration	39s.
b. Rate 3 C-SENSE through-plane aortic phase con-

trast imaging stack: free-breathing, respiratory 

navigator gated continuous imaging with rate 

3 C-SENSE. Velocity encoding was set to 150 cm/s. 

Three	8	mm	overlapping	slices	were	acquired	with	
a -3 mm gap to account for increased motion dur-

ing exercise, so that the centres of the individual 

slices were 5 mm apart. Imaging parameters: typical 

field-of-view	350	× 320 mm, repetition time 4.9ms, 

echo	 time	2.9ms,	flip	angle	15°,	number	of	 signal	
averages	1,	turbo	field	echo	factor	5,	slice	thickness	
8	mm,	30	reconstructed	phases,	acquired	voxel	size	
2.5 × 2.5 mm, acquired matrix 140 ×	128,	Cartesian	
sampling,	typical	total	scan	duration	27s.

Low-intensity exercise (Low-EX) imaging

a)	 Free-breathing	4-chamber	view	and	a	LV	outflow	tract	
view to allow re-planning of the short-axis cine imaging 

and phase-contrast imaging.

b) Rate 3 C-SENSE LV short-axis stack: as per rest 

imaging.

c) Rate 3 C-SENSE through-plane aortic phase contrast 

imaging stack: as per rest imaging, except for velocity 

encoding, which was increased to 250 cm/s.
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Imaging characteristics

An example of Ex-CMR image quality during Low-EX and 

Mod-EX is presented in Fig. 2. The changes in the imaging 

parameters between rest, low-intensity exercise and moder-

ate-intensity exercise are presented in Table 2. With regard 

to	the	changes	in	the	LV	parameters,	there	were	no	signifi-

cant changes in the LV end-diastolic volume (LVEDV), end-

diastolic volume index or stroke volume during exercise. 

Although, the LV end-systolic volume (LVESV) reduced 

numerically, especially between rest and Low-EX, this was 

not	statistically	significant	(p = 0.11). The LVEF, however, 

increased	significantly	between	Rest	vs.	Low-EX	(63%±5 

vs.	68%±5,	respectively;	p = 0.01), with no further increase 

between	Low-EX	vs.	Mod-EX	(68%±5	vs.	68%±6,	respec-

tively;	p = 1.0).

Similar	 to	 the	LV	parameters,	 there	were	no	significant	
changes in the RV end-diastolic volume, end-diastolic vol-

ume index or the stroke volume. The RV end-systolic vol-

ume,	 however,	 reduced	 significantly	 during	 exercise	 (rest	
68	ml(60–75)	vs.	Mod-EX	46	ml(39–59);	p < 0.001). The 

RV	 ejection	 fraction	 (RVEF)	 also	 increased	 significantly	
between Rest to Mod-EX stage of exercise (55%±5 vs. 

65%±8,	respectively;	p < 0.001).

With regard to the LV contractile reserve, 14 patients 

(56%)	demonstrated	LVEF	increase	of	at	least	4%	at	Low-
EX,	while	15	patients	 (60%)	demonstrated	LV	contractile	
reserve	at	Mod-EX.	There	were	4	patients	(16%),	who	did	
not have LV contractile reserve at Low-EX, but had an 

increase in LVEF of more than 4% in the Mod-EX stage. 

There were 3 patients (12%), who demonstrated LV con-

tractile reserve at Low-EX, but subsequently had a decrease 

in the LVEF in the Mod-EX stage.

While	there	were	no	significant	changes	in	the	LVEDV	
and	 the	 AFF,	 the	 effective	 forward	 LVEF	 increased	 sig-

nificantly	between	Rest	vs.	Mod-EX	(39%±8	vs.	47%±10, 

respectively;	p = 0.01), but not between rest and Low-EX 

stage of exercise (p = 0.20) or between Low-EX and Mod-

EX stage (p =	0.76).
There	 were	 no	 statistically	 significant	 changes	 in	 the	

MR-Rvol and MR-RF during exercise, although the MR-

Rvol reduced numerically between Rest and Mod-EX stage 

(50 ml ±	26	 vs.	 42	 ml	±	22,	 respectively;	p = 0.39). While 

overall,	there	were	no	significant	changes	in	the	MR-Rvol	
and MR-RF in this group, the individual response to exer-

cise was quite variable. (Fig. 3) Mitral regurgitant vol-

ume increased by more than 15 ml from rest to Low-EX 

in	 5(20%)	 patients	 and	 from	 rest	 to	 Mod-EX	 in	 4(16%)	
patients. There was, however, reduction in severity of MR 

in	 4(16%)	 patients	 at	 Low-EX	 and	 in	 9(36%)	 patients	 at	
Mod-EX.

Results

Twenty-nine patients were recruited to the study, of whom 4 

were	excluded	from	the	final	analysis	(claustrophobia	n = 2, 

legs too long to use the ergometer n = 1, severe artefact at 

low-intensity exercise n = 1). All patients who underwent 

imaging had height <	185	cm.

Demographic and clinical characteristics

Baseline demographic and clinical characteristics of the 

patient population are presented in Table 1. With regard to 

severity of MR, almost half of the patients in our study had 

severe MR, with the remainder of patients having at least 

moderate MR. The most common aetiology was posterior 

mitral valve prolapse (n =	15;60%).

Haemodynamic and imaging characteristics at rest 
and during exercise

Haemodynamic characteristics

Both, heart rate and systolic blood pressure increased sig-

nificantly	during	exercise	 (Table	2). The increase in heart 

rate	 was	 significant	 between	 all	 stages:	 rest	 vs.	 Low-EX	
(p = 0.001), Rest vs. Mod-EX (p < 0.001) and Low-EX vs. 

Mod-EX (p = 0.001). The systolic blood pressure increased 

significantly	between	Rest	vs.	Low-EX	(p < 0.001) and Rest 

vs. Mod-EX (p < 0.001), but not between Low-Ex and Mod-

EX (p =	1.0).	There	was	 no	 significant	 change	 in	 the	 dia-

stolic blood pressure during exercise.

Table 1 Baseline patient characteristics

Variable All patients n = 25

Age (years) 65(55–69)
Male 19(76)
BMI (kg/m2) 24 ± 3

Weekly exercise (hours) 2(0–4)
Hypertension 5 [20]

Prior stroke/TIA 1 [4]

MR Severity as per TTE

 Severe 12(48)
 Mod-severe 1 [4]

 Moderate 12(48)
MR Aetiology

 Posterior MVP 15(60)
	 Bileaflet	MVP 9(36)
 Mitral valve cleft 1 [4]

Data are presented as mean ± SD, median(IQR1-IQR3) and n(%). 

BMI =	body	 mass	 index;	 MR	=	mitral	 regurgitation;	 MVP	= mitral 

valve	 prolapse;	 TIA	=	transient	 ischaemic	 attack;	 TTE	= transtho-

racic echocardiography
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moderate-intensity exercise, it was excellent for all parame-

ters, except the RV end-systolic volume, where it was good. 

Mean	bias	was	very	small	for	all	parameters.	Coefficient	of	
variation was very good for all parameters (< 10%), with 

RV end-systolic volume at Mod-Ex demonstrating largest 

degree of dispersion.

Inter-observer reproducibility

As	assessed	by	intraclass	correlation	coefficient,	at	rest,	the	
inter-observer reproducibility was excellent for LV param-

eters	 and	 aortic	 forward	 flow,	 whereas	 it	 was	 moderate-
to-good for right-ventricular parameters. At low-intensity 

exercise, it remained good-to-excellent for LV parameters, 

AFF and RV end-diastolic volume, whereas it was poor for 

the assessment of RV end-systolic volume. At moderate-

intensity exercise, it was good-to-excellent for all param-

eters, except RV end-systolic volume, for which it was 

Panel (A) presents individual responses of MR-Rvol 

during exercise in all patients. Dashed red line represents 

the mean and the black dashed lines represent the stan-

dard deviation. Panel (B) presents individual responses of 

MR-RF during exercise in all patients. Dashed red line rep-

resents the mean and the black dashed lines represent the 

standard deviation. MR-Rvol =	mitral	 regurgitant	 volume;	
MR-RF = mitral regurgitant fraction.

Intra- and inter-observer reproducibility

These results are presented in Table 3.

Intra-observer reproducibility

As	 assesses	 by	 intraclass	 correlation	 coefficient,	 the	
intra-observer reproducibility was excellent for all imag-

ing parameters at rest and at low-intensity exercise. At 

Table 2 Comparison of haemodynamic and CMR parameters at rest, low-intensity and moderate-intensity exercise

Rest Low-

intensity 

exercise

Moderate-

intensity 

exercise

Overall 

p-value*

Rest vs.

Low-Intensity

Rest

Vs. 

Moderate-Intensity

Low vs. 

Mod-

Intensity

Haemodynamic parameters

HR achieved (bpm) 63(59–68) 98(95–105) 112(109–
118)

< 0.001 0.001 < 0.001 0.001

Systolic BP (mmHg) 130(121–
138)

142(137–
161)

159(138–
170)

< 0.001 < 0.001 < 0.001 1.0

Diastolic BP (mmHg) 78	±	8 79	± 19 78	± 13 0.91 - - -

Cycle resistance (W) - 50(50–60) 75(55–75) < 0.001 - - < 0.001

CMR parameters

LV EDV (ml) 201 ± 41 201 ± 41 193 ± 39 0.69 - - -

LV EDV index (ml/m2) 108	± 19 108	±	18 104 ± 19 0.63 - - -

LV ESV (ml) 74	± 20 65	± 20 63	± 20 0.11 - - -

LV ESV index (ml/m2) 40 ± 10 31 ± 10 34 ± 10 0.07 - - -

LV SV (ml) 127	±	27 135 ±	26 130 ± 25 0.51 - - -

LV EF (%) 63	± 5 68	± 5 68	±	6 0.004 0.01 0.01 1.0

RV EDV (ml) 151 ± 29 151 ±	28 145 ± 31 0.68 - - -

RV EDV index (ml/m2) 81	± 15 81	± 13 78	±	16 0.62 - - -

RV ESV (ml) 68(60–75) 57(47–71) 46(39–59) < 0.001 0.10 < 0.001 0.03

RV SV (ml) 84	± 19 92 ± 25 95 ±	26 0.21 - - -

RV EF (%) 55 ± 5 61	± 9 65	±	8 < 0.001 0.06 < 0.001 0.17
Aortic	forward	flow	(ml) 77	±	16 86	±	18 88	± 19 0.08 - - -

Effective	forward	LV	EF	(%) 39 ±	8 44 ±	8 47	± 10 0.01 0.20 0.01 0.76
MR-Rvol (ml) 50 ±	26 49 ± 19 42 ± 22 0.39 - - -

MR-RF (%) 35(29–49) 37(28–43) 35(23–43) 0.18 - - -

Number of patients with LV contrac-

tile reserve, n(%)

- 14(56) 15(60) - - - -

Number of patients with an increase 

in MR-Rvol ≥ 15 ml, n(%)

- 5 [20] 4 [16] - - - -

Number of patients with a decrease 

in MR-Rvol ≥ 15 ml, n(%)

- 4 [16] 9(36) - - - -

Data are presented as mean ±	SD	and	median(IQR1-IQR3).	*Overall	p-value	–	result	of	comparison	between	all	groups.	BP	=	blood	pressure;	
CMR =	cardiovascular	magnetic	resonance;	EDV	=	end-diastolic	volume;	EF	=	ejection	fraction;	ESV	=	end-systolic	volume;	HR	=	heart	rate;	
LV =	left	ventricle;	MR-Rvol	=	mitral	regurgitant	volume;	MR-RF	=	mitral	regurgitant	fraction;	RV	=	right	ventricle;	SV	= stroke volume
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moderate.	The	coefficient	of	variation	was	very	good	for	all	
parameters, except end-systolic volumes at low-intensity 

exercise and RV end-systolic volume at moderate-intensity 

exercise.

Discussion

To	our	knowledge,	this	is	the	first	study	that	allowed	assess-

ment of biventricular volume and function as well as quan-

tification	 of	 MR	 during	 continuous	 supine	 EX-CMR	 in	
asymptomatic patients with primary MR. We have demon-

strated not only that continuous supine EX-CMR with the 

use of C-SENSE is feasible in asymptomatic patients with 

primary MR, but also that there was good-to-excellent intra- 

and	 interobserver	 reproducibility	 for	 quantification	 of	 the	
LV	volumes	and	aortic	forward	flow	at	low-	and	moderate-
intensity exercise. We have also described the changes that 

occur	in	LV/RV	volume	and	function,	aortic	forward	flow,	
effective	forward	LVEF	and	MR-Rvol	and	MR-RF	during	
supine in-scanner exercise. We have shown that while there 

was	a	significant	augmentation	of	the	LVEF	and	RVEF	as	
well	 as	 the	effective	 forward	LVEF	during	exercise,	 there	
were	 no	 statistically	 significant	 changes	 in	 the	 MR-Rvol	
and MR-RF, although the individual responses were quite 

variable.
Fig. 3 Individual and group changes in MR-Rvol and MR-RF during 

exercise-CMR

 

Fig. 2 An example of exercise-CMR image quality at low-intensity and moderate-intensity exercise. CMR = cardiovascular magnetic resonance
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The	 intraclass	 correlation	 coefficient	 for	 RV	 end-systolic	
volume at Low-EX resulted in a negative value, suggestive 

of divergence within the group. It, however, needs to be 

interpreted with caution.

Left ventricular volume and function during 
exercise

A meta-analysis of supine EX-CMR studies in healthy 

volunteers, demonstrated that the physiological response 

to exercise consisted of an increase in heart rate and LV 

stroke volume, which occurred as a result of reduction in 

the LVESV volume with no change in the LVEDV [19]. A 

small supine EX-CMR study, which evaluated 5 patients 

with	 severe	MR	 found,	 similar	 to	 our	 study,	 a	 significant	
increase in the heart rate, no change in the LVEDV, non-sig-

nificant	reduction	in	the	LVESV	and	a	significant	increase	in	
the LVEF [9]. As this is the only prior study, which utilised 

EX-CMR in patients with primary MR, the majority of cur-

rent evidence stems from studies in exercise echocardiog-

raphy. In these echocardiographic studies however, where 

reduction in LVESV is seen, exercise was performed in 

an upright or semi-supine position rather than fully supine 

[20–23]. This is important, as the haemodynamic response 

to	exercise	differs,	depending	on	the	patient’s	position	[24]. 

Furthermore, exercise imaging enables assessment of LV 

contractile reserve [25],	which	 is	 defined	 as	 the	 ability	 to	
augment	LVEF	during	exercise	by	more	 than	4%;	 lack	of	
contractile reserve has been shown to be associated with 

LVEF impairment following mitral valve intervention as 

Feasibility of EX-CMR in asymptomatic patients with 
primary MR

Although EX-CMR is not commonly utilised, as it is con-

strained by technical challenges and the availability of 

expensive exercise equipment [18],	it	offers	several	advan-

tages over EX-TTE [9], such as superior image quality and 

reproducibility [9]. Utilising the above compressed-sensing 

pulse sequence to examine both, biventricular volumes 

and AFF during continuous in-scanner exercise, we have 

demonstrated its feasibility in asymptomatic patients with 

primary MR. All patients in our study, who were able to 

proceed with the EX-CMR scan, completed the examination 

in its entirety without complications.

Reproducibility

Similar to the aforementioned study in healthy volunteers 

[10], we have demonstrated excellent reproducibility for the 

assessment of LVEDV and AFF by intraclass correlation 

coefficient	 and	 coefficient	 of	 variation,	 at	 both,	Low-	 and	
Mod-EX. This holds promise for the clinical utility of the 

effective	forward	LVEF,	which	relies	solely	on	the	LVEDV	
and AFF volume. A study by Chew et al. also demonstrated 

very good reproducibility of biventricular end-diastolic vol-

umes, with poorer performance of end-systolic parameters 

[9]. Out of all the measurements, the lowest inter-observer 

reproducibility was noted in right-ventricular parameters, 

particularly right ventricular end-systolic volume as evi-

denced	by	larger	biases	and	poorer	coefficient	of	variation.	

Table 3 Intra- and inter-observer reproducibility

Intra-observer Inter-observer

Stage Parameter ICC 95% CI [lower, 

upper]

Mean 

bias 

[ml]

CoV 

(%)

ICC 95% CI [lower, 

upper]

Mean 

bias

[ml]

CoV 

(%)

Rest LVEDV 0.997 [0.989,0.999] 1.5 1.1 0.992 [0.971,0.998] -2.8 2.0

LVESV 0.993 [0.975,0.998] 0.9 2.4 0.977 [0.912,0.994] -2.9 5.0

RVEDV 0.997 [0.987,0.999] -0.4 1.3 0.866 [0.480,0.966] -4.2 5.5

RVESV 0.986 [0.941,0.997] -1.3 2.6 0.681 [-0.086,0.917] -6.7 8.4
AFF 0.995 [0.980,0.999] 0.0 1.9 0.989 [0.955,0.997] 0.2 1.8

Low-Intensity LVEDV 0.993 [0.971,0.998] -2.9 2.3 0.945 [0.791,0.986] -4.5 3.5

LVESV 0.994 [0.927,0.999] -2.0 3.0 0.815 [0.228,0.954] -1.9 11.1

RVEDV 0.985 [0.943,0.996] -1.5 4.1 0.837 [0.312,0.960] 8.9 4.6
RVESV 0.992 [0.959,0.998] -1.2 2.4 − 0.319 [-3.461,0.656] 9.4 17.9
AFF 0.995 [0.960,0.999] -2.0 2.0 0.971 [0.878,0.993] -2.5 3.3

Moderate-Intensity LVEDV 0.989 [0.950,0.997] 3.9 2.7 0.984 [0.937,0.996] -1.8 3.0

LVESV 0.992 [0.967,0.998] 1.3 3.6 0.916 [0.680,0.979] -3.3 9.0

RVEDV 0.993 [0.914,0.999] 2.9 2.0 0.833 [0.366,0.958] -5.2 6.3
RVESV 0.885 [0.559,0.971] 0.9 5.1 0.575 [-0.329,0.886] -9.8 15.9

AFF 0.996 [0.981,0.999] -1.3 2.0 0.954 [0.804,0.989] 3.1 4.08
AFF =	aortic	forward	flow;	CI	=	confidence	interval;	CoV	=	coefficient	of	variation;	ICC	=	Intraclass	Correlation	Coefficient;	LVEDV	= left ven-

tricular	end-diastolic	volume;	LVESV	=	left	ventricular	end-systolic	volume;	RVEDV	=	right	ventricular	end-diastolic	volume;	RVESV	= right 

ventricular end-systolic volume
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reserve [28], which may also be responsible for the dimin-

ished functional capacity in these patients [29].

Effective forward left ventricular ejection fraction

Current guidelines recommend mitral valve intervention 

in asymptomatic patients with severe MR in the presence 

of reduced LVEF or increased LV end-systolic diameter, 

amongst others [1]. However, once LV dysfunction ensues, 

it may be irreversible. It is therefore crucial to detect sub-

clinical LV impairment, which may be present despite 

normal LVEF [30, 31].	Effective	 forward	LVEF	has	 been	
proposed as a superior measure to predict outcomes and 

guide surgical intervention in this group of patients [30]. 

Significant	impairment	of	effective	forward	LVEF	prior	to	
mitral valve surgery has been shown to be associated with 

post-operative LV dysfunction [11]. It may therefore pro-

vide means of accurate assessment of the actual LV function 

in patients with MR. While the above studies demonstrated 

the	 prognostic	 advantage	 of	 the	 effective	 forward	 LVEF	
assessment at rest, the response to exercise and its clinical 

significance	have	not	been	previously	described.	In	the	cur-
rent	study,	there	was	a	significant	increase	in	the	effective	
forward LVEF at moderate-intensity exercise, despite non-

significant	changes	in	the	aortic	forward	flow	and	LVEDV,	
which may add clinical utility to this patient group.

Future perspectives

While EX-TTE provides additional diagnostic and prog-

nostic information, it is bound by standard TTE limitations, 

such as poor acoustic windows, which become even more 

pronounced during exercise. Indeed, one EX-TTE study 

showed that it was not feasible to assess MR severity in 

almost half of the patients, and it was particularly challeng-

ing in those with MV prolapse [4]. As CMR is the refer-

ence-standard for biventricular volume/function assessment 

[7, 8] and has been shown to have prognostic associations 

in primary MR [6], EX-CMR hold promise as the exercise 

imaging modality of choice in this group of patients.

Limitations

This was a small, single-centre, feasibility study. All 

recruited patients were clinically well, able to exercise 

and	 did	 not	 have	 any	 significant	 co-existing	 conditions.	
EX-CMR may therefore be less well tolerated or even not 

possible in symptomatic patients or those with other co-

morbidities, such as respiratory disease or arthritis. We 

did, however, aim to evaluate the feasibility of EX-CMR in 

asymptomatic patients with primary MR, in whom it could 

theoretically assist in guiding surgical therapy decisions. All 

well as worsening of LVEF in those undergoing medical 

management [26]. As CMR is the reference-standard for 

assessment of LV volume and function at rest [7], EX-CMR 

has the potential for accurate measurement of LV contractile 

reserve in this group of patients, which may add value in the 

risk-stratification	of	patients	with	asymptomatic	MR.	In	our	
study, more than half of the patients demonstrated contrac-

tile reserve at both, low- and moderate-intensity exercise. 

In some patients, however, while the contractile reserve 

was present at Low-EX, it was absent at Mod-EX, and vice 

versa. Future EX-CMR studies should aim to correlate not 

only the absence of the contractile reserve with clinical out-

comes,	but	also	evaluate	the	clinical	significance	of	such	a	
variable response in patients with primary MR.

Right ventricular volume and function during 
exercise

In asymptomatic patients with primary MR, the develop-

ment of RV dysfunction during exercise showed prognostic 

associations in an EX-TTE study [27]. While RV assess-

ment by TEE may be challenging, CMR can provide direct, 

accurate and reproducible measurements of RV volumes 

and function at rest [8]. This high level of accuracy and 

reproducibility at rest holds promise for the clinical utility 

of RV volume and function assessment during exercise. The 

only previous EX-CMR study in patients with asymptom-

atic,	severe	MR	also	demonstrated	significant	reduction	in	
the RV end-systolic volume, but with no change in the RV 

end-diastolic	volume	and	a	non-significant	 increase	 in	 the	
RVEF [9].	While	there	was	no	significant	change	in	the	RV	
end-diastolic	 volume	 in	 our	 study,	 there	was	 a	 significant	
decrease in the RV end-systolic volume, leading to a sig-

nificant	improvement	in	the	RVEF.	In	our	study,	however,	
one half of the patients had moderate MR only, which may 

explain the more pronounced increase in the RVEF.

Mitral regurgitant volume and fraction during 
exercise

As the only prior EX-CMR study in primary MR did not 

assess AFF, it could not accurately quantify changes in MR-

Rvol and MR-RF during exercise [9]. In our study, while 

overall	there	was	no	significant	change	in	these	parameters,	
the individual response to exercise was quite variable. This 

is in line with a prior study, which demonstrated variable 

responses, with MR-Rvol increasing in about a third of 

patients. Furthermore, increase in MR-Rvol by more than 

15 ml during exercise was associated with reduced symp-

tom-free survival [21]. This increase in severity during exer-

cise is possibly related to the absence of the LV contractile 
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