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Introduction

Valvular heart diseases (VHDs) are common in the general 
population (1). Besides bicuspid aortic valves, congenital 
causes for VHDs are rare, but progression of surgical 
and interventional procedures have led to significant 
improvement of survival and long-term outcomes as well 
as need for follow-up in the last decades (2). Noninvasive 
imaging modalities are essential for diagnosis and follow-

up of VHDs and are routinely performed to quantify the 
severity of valve lesions and define patients’ management. 
Echocardiography is traditionally considered the standard 
tool to evaluate VHDs, thanks to its wide availability, 
low cost, safety and easy performance. This imaging 
modality can provide very good visualization of the 
anatomy of the valvular and subvalvular apparatus and 
excellent functional analysis. Moreover, echocardiography 
complements anatomical and functional data with 
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assessment of hemodynamic features such as estimation 
of pulmonary pressures and effects during exercise. 
Recently developed strain analysis and three-dimensional 
(3D) echocardiography have been added to improve its 
diagnostic and prognostic abilities (3,4). However, principal 
concerns of echocardiography in the assessment of VHDs 
are its dependence on acoustic windows, interobserver 
variability, lack of myocardial tissue characterization, need 
for geometric and hemodynamic assumptions and for a 
multiparametric approach to provide quantification of 
disease severity (5). This often makes definition of disease 
severity qualitative, especially for valve regurgitation, 
which limits a standardized reporting and valuable follow-
up (6). In the last few years, cardiac computed tomography 
(CCT) has also emerged as a valid tool to evaluate VHDs, 
especially in the presence of extensive valve calcifications 
and in the procedural planning phase (7). However, its role 
in children is mainly limited by radiation exposure as well as 
potential lack of flow data in standard CCT protocols and 
quantitative data on volume quantification provided by last 
generation CCT scanners are not routinely applied in the 
clinical practice yet (8). 

Among noninvasive imaging modalities, cardiovascular 
magnetic resonance (CMR) can significantly complement 
echocardiography in the diagnosis and prognosis of VHDs, 
thanks to its excellent ability to provide quantitative data, 
especially for valve regurgitation (9). Main advantages 
of CMR are its lack of ionizing radiation, low operator 
dependency and high reproducibility, possibility to provide 
wide anatomical planes and 3D views of valves and their 
surrounding cardiac structures, including anatomy of the 
great vessels (10). Moreover, CMR can identify focal or 
diffuse pathological myocardial alterations due to replacement 
fibrosis or inflammation in chronic VHDs, which may be 
evident already at young age (11). Specific CMR features of 
primary cardiomyopathies, myocardial overload and ischemic 
heart diseases may be evident in both parametric mapping 
and late gadolinium enhancement sequences and should be 
considered to help differential diagnosis with myocardial 
alterations secondary to pure VHDs. 

CMR is considered the gold standard for quantification 
of ventricular volumes and function and is more accurate 
than echocardiography in the presence of multiple valve 
lesions (1,11-13). Overall, CMR has been recommended as a 
class I imaging modality for long-term follow-up in various 
adult congenital heart diseases (14). Major limitations of 
CMR are its longer acquisition times and costs. In the 
context of VHDs, CMR is generally recommended when 

echocardiographic data are doubtful or insufficient, and 
when calculation of aortic and pulmonary regurgitation is 
needed along with the diameters of aorta and pulmonary 
trunk (7). Current guidelines for VHDs are mainly based 
on echocardiographic studies (1), while specific CMR data 
for severity and indications for intervention are still lacking; 
but, hopefully, ongoing CMR studies will close this gap in 
a near future. Aim of this review is to highlight the role of 
CMR in the field of VHDs targeted to define presence and 
entity of lesions and to provide a standardized approach for 
CMR studies even for complex congenital lesions.

Recommended CMR protocol for VHDs

Evaluation of VHDs is based on standard CMR sequences, 
that we recommend in every CMR protocol for assessment 
of valve lesions, as shown in Table 1. 

2D steady-state free-precession (SSFP) cine imaging 
can provide both anatomical and functional data and 
is fundamental to accurately visualize the valvular and 
subvalvular apparatus, as well as the outflow/inflow tracts 
of both ventricles with no restriction of imaging planes, 
independently from cardiac and thoracic anatomy. 2D-SSFP 
cine imaging allows good visualization of both stenotic and 
regurgitant jets. High-velocity jets, due to either stenotic or 
regurgitant valve lesions, typically present a central, bright, 
signal surrounded by dark signal voids, that relate to laminar 
and turbulent blood flow, respectively. Spoiled gradient 
echo sequences can be used as an alternative to 2D SSFP, 
as they are less susceptible to flow turbulence and metal 
artefacts. An example is shown in Figure 1. For calculation 
of ventricular volumes, mass and function, multiphase 
2D SSFP cine with breath hold and retrospective 
electrocardiogram (ECG)-gating are acquired in a stack 
of multiple, contiguous slices in the short-axis or axial  
planes (15). We recommend a slice thickness of 6 mm 
(children) or 8 mm (adults) and zero gap. As valvular and 
subvalvular structures are thin, a reduced slice thickness 
to 4 or 5 mm can be set for better assessment of valve 
anatomy, although CMR remains limited compared to 
echocardiography in visualization of very small and mobile 
structures such as valvular vegetations due to insufficient 
temporal resolution or out-of-plane movement (16,17).

We recommend performance of 3D whole heart 
sequences to provide anatomical data on cardiac and 
thoracic anatomy to detect any concomitant congenital 
lesion. These sequences are frequently applied in children 
as they do not require breath-holding or contrast medium 
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(18,19). A breathing navigator prospectively acquires 
images at a defined phase of the respiratory cycle, thus 
reducing breathing artefacts. A retrospective ECG trigger 
is set to acquire images at a specific phase of the cardiac 
cycle, thus reducing blurring artefacts due to cardiac 

structures and vessel motion. These sequences are limited 
by metallic artefacts in the presence of stents or prothesis, 
and relatively long acquisition times (15). As an alternative, 
gadolinium-enhanced 3D magnetic resonance angiography 
can be performed for vessel assessment with acquisition of 

Table 1 Suggested standard and additional cardiovascular magnetic resonance sequences for assessment of congenital valvular heart diseases

CMR sequences Focus on

Standard

2D SSFP - Anatomical and functional data with visualization of valve opening, structural changes of the 
valvular and subvalvular apparatus, and presence of stenotic or regurgitant jets

- Quantification of ventricular volumes, mass and function

- Indirect calculation of mitral and tricuspid valve regurgitation (from ventricular stroke volumes)

- Direct planimetry of valve orifice at maximal opening for quantification of valve stenosis

3D whole heart - Wide anatomical data on cardiac and extra-cardiac anatomy

2D PC - Direct quantification of regurgitant volume and regurgitant fraction (through-plane imaging)

- Measurement and visualization of peak flow velocity (through-plane imaging: maximal velocity at 
imaging level; in-plane imaging: maximal velocity along the stenotic jet)

Additional 

4D flow - Assessment of flow volume and velocity in 3 dimensions

- Direct visualization of flow pattern and vortices

Parametric mapping - Normal or diffuse increase of native T1 and ECV values

Late gadolinium enhancement - Identification of presence, pattern and extension of myocardial fibrosis

CMR, cardiovascular magnetic resonance; ECV, extracellular volume; PC, phase-contrast; SSFP, steady-state free precession.

A B

Figure 1 A Sapien valve implanted in the right ventricular outflow tract. Metal artifacts are evident in both (A) longitudinal and (B) en 
face views on 2D balanced steady-state-free-precession cine. For such patients, imaging at 1.5 T is preferable rather than 3 T and spoiled 
gradient echo sequences can be performed as are less affected by susceptibility artifacts.
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images in a single breath-hold. However, usually no ECG-
triggering is applied with resulting blurring artefacts and 
contrast medium is needed (gadolinium) (20). 

2D phase-contrast (PC) sequences have shown good 
accuracy and reproducibility for flow quantification 
(21,22). Temporal resolution of CMR is typically 25 to 
45 ms, which is significantly lower than that of doppler 
echocardiography. This may significantly limit assessment 
of high velocity jets and consequently direct measurement 
of peak flow velocity in stenotic lesions (23). Most reliable 
quantitative data for assessment of valve stenosis by CMR 
are based on direct planimetry of the valve orifice measured 
in an anatomical plane acquired through the valve tips 
at maximal valve opening, rather than on measurement 
of peak velocity and valve gradient (24,25). Standard 
acquisition planes are set on the ascending aorta, main 
pulmonary trunk and right and left pulmonary arteries, 
although any additional plane can be derived from 
dedicated 2D cine or 3D whole heart images (26). Setting 
of a proper velocity encoding rate (VENC) is needed to 
avoid aliasing artefacts due to high velocity regurgitation 
jets or concomitant valve stenoses. Baseline phase offset 
errors due to inhomogeneities in the magnetic field can 
be limited by applying phantom correction and automated 
baseline correction tools with current commercial analysis 
software (27). For regurgitant VHDs, through-plane 2D 
PC sequences are planned perpendicular to flow direction 
and allow direct measurement of regurgitant volume and 
regurgitant fraction. For stenotic VHDs, in-plane 2D 
PC sequences planned along flow direction allow direct 
measurement of peak flow velocity and can demonstrate the 
site of stenosis very well. However, CMR peak velocities 
remain underestimated due to limited temporal and spatial 
resolution, which depends on voxel size. 

4D flow sequences have been introduced in the last 
decade as an alternative to standard 2D PC sequences. Main 
advantages are that 4D flow can allow measurements of 
blood flow (volume, velocity) in 3 dimensions simultaneously, 
with wide visualization of complex flow patterns in the 
great vessels, it does not rely on accurate planification of 
acquisition planes and is not affected by tortuous jets or valve 
motion throughout the cardiac cycle (28). Measurements of 
wall shear stress and wall pressures can also be given (29). 
However, main limitations are represented by relatively long 
acquisition and post-processing times. Recently published 
consensus papers have encouraged and facilitated widespread 
adoption of 4D flow, beyond a pure role confined to 
the research area, although it is currently not routinely 

performed in all CMR centers (30,31).
Additionally, tissue characterization with myocardial 

mapping and late gadolinium enhancement can be 
performed to detect any myocardial alteration due to 
chronic overload of VHDs. 

Semilunar valves

Aortic and pulmonary stenosis

Assessment of aortic and pulmonary stenosis with CMR 
is based on anatomical and functional imaging of the 
ventricular outflow tracts and of the ascending aorta or 
pulmonary arteries, respectively. This is fundamental 
to correctly identify the site of stenosis (subvalvular, 
valvular, supravalvular). In case of stenosis at valve level, 
a good visualization of the semilunar valves “en face” 
is recommended to assess its morphology (unicuspid, 
bicuspid, tricuspid, quadricuspid), structural changes and  
opening (32). Diameters of the aortic root and pulmonary 
arteries should be routinely reported (33). Concerning 
quantitative data, direct planimetry of the valve orifice, 
measured on cine imaging at end-systole at valve tips, is 
considered the most reliable method to quantify the severity 
of stenosis. Of note, CMR planimetry has shown high 
sensitivity and specificity among other non-invasive imaging 
modalities when compared to cardiac catheterization and 
is very reliable and reproducible (34). There are no specific 
cut-off values for CMR, and generally the same thresholds 
for echocardiography are applied. A valve area <1.0 cm2 is 
indicative of severe aortic or pulmonary stenosis. Due to 
low accuracy, measurement of transvalvular peak velocity 
with 2D PC imaging may be added (35), although we do not 
recommend reporting it as a standard. Presence and pattern 
of ventricular hypertrophy should also be reported. Diffuse 
elevation of native T1 and extracellular volume values may 
be detected, as well as diffuse, intramyocardial fibrosis. These 
are present especially in the most hypertrophied myocardial 
segments and correlate with patients’ prognosis (36-38).

Bicuspid aortic valve is the most frequent congenital 
VHD. It may remain silent for years or evolve into valve 
degeneration with cusps calcification and thickening, leading 
to valve incompetence, stenosis or both (39). Discerning 
pure stenosis at valvular level from supra- or subvalvular 
aortic stenosis is crucial for definition of type and timing 
of intervention. The Ross operation has been increasingly 
adopted in the last years in the pediatric population as an 
alternative to prosthetic valves. CMR covers a central role 
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in the planning procedural phase and in the assessment 
of long-term complications, such as pulmonary autograft 
dilatation and subsequent aortic regurgitation (40). Figure 2 
shows an example of a mixed lesion at aortic valve level due 
to bicuspid morphology. 

An example of supravalvular pulmonary stenosis is 
given in Figure 3. Surgical repair of transposition of the 
great arteries is based on arterial switch and includes 
the LeCompte maneuver. Here the pulmonary trunk 
is translocated anterior to the ascending aorta and 
supravalvular pulmonary stenosis may occur as postoperative 
complication (41) (Figure 3). 

Aortic and pulmonary regurgitation

CMR represents a cornerstone in the quantification of 
aortic (AR) and pulmonary (PR) regurgitation, given its high 
accuracy (42) and reproducibility (43) when compared to 
standard tools such as echocardiography. This is particularly 
valuable for PR, due to the more complex geometry of the 
right ventricle compared to the left ventricle and the more 
anterior position of the pulmonary valve, which is often 
difficult to assess with echocardiography (1). 

Flow data are assessed with 2D PC sequences, ideally 
planned with through-plane imaging just above the aortic 

A B

C D

Figure 2 A 25-year-old patient, male. A high acceleration jet (yellow arrows) due to combined aortic stenosis and regurgitation is 
demonstrated in two-dimensional steady-state-free-precession images (A,B). En face view at valve level in both cine and phase-contrast 
sequences reveals a bicuspid morphology of the aortic valve (C,D).
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A

B C

D

Figure 3 A 19-year-old patient, female with transposition of the great arteries with intact interventricular septum after arterial switch. In 
the localizer sequences (A) the pulmonary trunk appears anterior to the ascending aorta after LeCompte maneuver, and suspect arises for 
stenosis at the proximal left pulmonary artery (yellow arrow). Cine imaging demonstrates acceleration across the vessel (B, yellow arrow). 
In two-dimensional phase contrast sequences, no aliasing occurs using a standard VENC of 200 at pulmonary valve level (C, red star), while 
a significant aliasing occurs using the same VENC at the origin of the left pulmonary artery (D, yellow arrow), confirming the presence of 
stenosis at supravalvular level. VENC, velocity encoding rate.

and pulmonary valve. Various studies demonstrated high 
heterogeneity in AR quantification when performed at valve 
level or above at the ascending aorta (44). In the presence 
of relevant AR, measurement in the ascending aorta with 
2D flow may significantly overestimate AR severity, due to 
multiple vortexes that develop in the aortic root, which is 
often dilated (45). In these cases, acquisition of 2D PC in 
multiple imaging planes including the aortic annulus, the 
sino-tubular junction and the proximal ascending aorta can 
be addressed to provide and compare more quantitative data. 
Preferably, measurements in proximity to valve level should 
be adopted as have shown greater reproducibility and lower 
heterogeneity (38). Additionally, 2D PC flow measurement 
in the descending aorta or at diaphragmatic level can reveal 
holodiastolic flow reversal as a suggestive sign for severe AR. 
In the presence of metal objects such as stents or conduits, 
flow imaging should be planned just above or below them to 
avoid wrong measurements due to dephasing. 

Direct quantitative data measured in the ascending 
aorta and pulmonary artery can be compared to the left 
and right ventricular stroke volume, respectively, when no 

shunt or valve insufficiency is present. Flow calculation 
in the pulmonary veins, caval veins, descending aorta and 
pulmonary arteries may also be used for a double check. 
Presence of concomitant ventricular dilatation and eccentric 
hypertrophy should also be reported, as well as accurate 
measures of the ascending aorta and pulmonary trunk. 
Presence, extension and type of aortic aneurysms should 
also be assessed and described in clinical reports for serial 
follow-up. Tissue characterization sequences may reveal 
subtle myocardial scarring and add prognostic data in 
patients with chronic aortic regurgitation (46). 

Cut-off values for VHDs severity by CMR have been 
reported, but heterogeneity remains, among consensus 
papers, to define quantitative ranges for mild, moderate 
and severe lesions (1,39). Currently, CMR cut-off data are 
validated only for PR, where a regurgitation fraction of 
≥40% is considered severe (47,48). For AR, a threshold of 
>35–40% has been proposed for severe regurgitation, but 
is based mainly on echocardiographic data and on adverse 
outcomes assessed in observational studies (1). Eventually, 
AR regurgitant fraction may be strongly influenced by 
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hemodynamic and patient’s parameters such as heart rate, 
concomitant use of vasodepressors, blood pressure and 
physical activity (49). In the context of congenital cardiac 
lesions, one of the most common findings in repaired 
tetralogy of Fallot is severe PR. This occurs secondary to 
surgery where the right ventricular outflow tract is enlarged, 
eventually with a transanular patch and monocuspid  
valve (50). Pulmonary valve replacement can be performed 
in selected cases and CMR covers a central role for the 
identification of valuable candidates for interventional valve 
repair (15) (Figure 4). 
 

Atrio-ventricular valves

Mitral and tricuspid stenosis

Similarly to the semilunar valves, quantitative assessment of 
mitral and tricuspid stenosis is based on direct planimetry 
of valve orifice at maximal valve opening (end-diastole) and 
a valve orifice <1.0 cm2 is considered indicative of severe 
mitral stenosis (51). Again, accurate positioning of the 
image plane perpendicular to the valve tips is essential to 
not over- or underestimate data. Qualitative assessment 
relies on 2D cine imaging to assess restricted movement of 
valve leaflets and their morphological characteristics, with a 
dedicated stack of parallel slices or long-axis views through 
the valves. In such cases, presence of thickened, calcified 
valve leaflets may even help valve tracking. 

Mitral regurgitation (MR) and tricuspid regurgitation 
(TR)

Quantification of MR and TR with CMR is based on both 
2D PC and 2D SSFP cine imaging. The most applied 
method is based on calculation of the regurgitant volume as 
the difference of the left or right ventricular stroke volume 
(derived from volume quantification in cine imaging) 
and the aortic or pulmonary flow (directly measured with 
through-plane 2D PC sequences) (indirect method). In 
the presence of any AR or PR, the regurgitant volume of 
the semilunar valve should be counted and calculated out 
of the stroke volume to not underestimate TR or MR. 
This method has demonstrated very high reproducibility 
and accuracy when compared to echocardiography (52). 
Alternatively, the regurgitant volume can be derived from 
the difference of the stroke volumes of the right and left 
ventricle using cine imaging. However, in the presence of 
multiple valve lesions or intracardiac shunts, this method 
could not be applied (53). Significant advantages of both 
approaches are that they are independent from regurgitant 
jet number or direction and do not rely on geometric 
assumptions or need for contrast agents (54). Imprecise 
measurement of ventricular stroke volumes due to 
arrhythmias, breathing artifacts or incorrect post-processing 
analysis may significantly affect data reliability. 

Direct through-plane 2D PC images on the mitral and 
tricuspid valve can provide direct measurement of the 

Figure 4 A 50-year-old patient, female, with diagnosis of repaired tetralogy of Fallot. (A,B) Relevant dilatation of the right cardiac chambers 
in long-axis and short-axis planes, respectively. Free pulmonary regurgitation results secondary to reconstruction of the right ventricular 
outflow tract with a Goretex patch. A regurgitant volume of 52 mL with a regurgitant fraction of 59% are calculated in the post-processing 
phase from two-dimensional phase contrast images acquired at pulmonary trunk level (C). 

A B C
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regurgitant volume, although this method may be affected 
by the continuous motion of the valve annulus plane during 
systole. Additionally, high velocities regurgitant jets may 
result in aliasing or lead to underestimation of diastolic flow 
and overestimation of the regurgitant fraction (55). Accurate 
valve tracking is performed in the post-processing phase first 
on a single image and then automatically propagated through 
all images in the cardiac cycle to allow manual correction 
and software analysis. In the presence of very eccentric or 
multiple jets, direct quantification of valve regurgitation by 
2D PC imaging may be challenging, as a single image plane 
should be planned just perpendicular to the regurgitant 
jet to not underestimate data (56). Qualitative assessment 
of MR and TR can be achieved with a stack of multiple, 
thin, contiguous slices planned perpendicular to valve 
commissures to identify coaptation points and structural 
changes with cine imaging. An axial stack is ideal to entirely 
assess the anatomy of the tricuspid valve. Long-axis planes 
through valve leaflets are helpful to confirm presence of 
valve prolapse. Although transesophageal echocardiography 
is considered the gold standard for definition of mitral 
valve anatomy and leaflet alterations, CMR is useful when 
echo windows are insufficient, and quantification of disease 
severity remains uncertain (15,57). Moreover, a prognostic 
impact of entity of MR as quantified by CMR has been 
demonstrated in various studies, which is helpful to give 
indication for early surgery even in asymptomatic patients 
(58,59). In addition, CMR studies can reveal presence and 
entity of mitral valve annulardisjunction (MAD), which is 
suggestive for higher arrhythmic risk and prognosis. Further 
prospective studies are needed to define the role of MAD for 
patients’ management (60). 

Among congenital causes for TR, Ebstein’s anomaly is 
rare and results from apical displacement of the functional 
annulus of the tricuspid valve. The septal and posterior 

leaflets of the tricuspid valve fail to delaminate from the 
native myocardium during the embryologic evolution, 
leading to atrialization of a part of the right ventricle. 
Consequently, TR occurs and results in volume overload 
and dilatation of the functional right ventricle. This chronic 
overload may lead to global myocardial alterations and 
systolic dysfunction (2,61). The CMR study is targeted to 
quantify the volume and function of the functional right 
ventricle, the dimensions (volume, area) of the right atrium 
and the severity of TR as regurgitant volume and regurgitant 
fraction in native Ebstein’s anomaly patients (Figure 5). 
Displacement of valve leaflets should also be reported. Any 
associated congenital heart defect (atrial and ventricular 
septal defects) should be additionally assessed (62).  
CMR is also fundamental to assess the impact of cone 
procedure in operated Ebstein’s anomaly patients in terms 
of reduction of tricuspid regurgitation and right cardiac 
chambers volume overload (Figure 6). 

A frequent cause for MR is mitral valve prolapse. 
CMR plays a central role in stratifying patients’ risk by 
definition of MR severity, entity of ventricular dilatation 
and dysfunction, presence of ventricular fibrosis and mitral 
annular disjunction (63,64) (Figure 7).

Conclusions

CMR is a fundamental tool for diagnosis, interventional 
planning and serial follow-up of many VHDs, including 
most congenital lesions. A standardized approach is 
needed in the acquisition, post-processing and reporting 
of any CMR study, especially when complex lesions are 
documented. Due to high heterogeneity in grading of 
VHDs, we recommend to always specify real quantitative 
data (e.g., percentage of regurgitation fraction) in the CMR 
clinical report. 
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A B

C D

Figure 5 A 19-year-old patient, male. Significant right ventricular atrialization as a consequence of apical displacement of the tricuspid valve 
in Ebstein’s anomaly (A,B). En face view of the tricuspid valve in both cine and phase contrast images (C,D) allows direct quantification of 
tricuspid regurgitation. 
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A B

C D

A B

Figure 6 A 22-year-old patient, female, with Ebstein’s anomaly and cone repair of the tricuspid valve. Surgical reconstruction of the 
tricuspid valve at the anatomical annulus resembles a cone-shape in cine imaging. A significant reduction of tricuspid regurgitation is 
intuitive in both long-axis (A-C) and short-axis (D) cine planes.

Figure 7 A 15-year-old patient, female, affected by Marfan syndrome. Mitral valve prolapse with severe mitral regurgitation is evident in (A) 
four-chamber and (B) three-chamber views. Mitral annular disjunction can be measured as the distance between the posterior mitral valve 
leaflet and the left atrial wall at end-systole (B, red line).
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