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The most common types of left-sided valvular heart disease (VHD) in the Western world are aortic valve stenosis, aortic
valve regurgitation, and mitral valve regurgitation. Comprehensive clinical evaluation entails both hemodynamic analysis
and structural as well as functional characterization of the left ventricle. Cardiac magnetic resonance imaging (MRI) is an
established diagnostic modality for assessment of left-sided VHD and is progressively gaining ground in modern-day
clinical practice. Detailed flow visualization and quantification of flow-related biomarkers in VHD can be obtained using
4D flow MRI, an imaging technique capable of measuring blood flow in three orthogonal directions over time. In addition,
recent MRI sequences enable myocardial tissue characterization and strain analysis. In this review we discuss the emerging
potential of state-of-the-art MRI including 4D flow MRI, tissue mapping, and strain quantification for the diagnosis and

prognosis of left-sided VHD.
Level of Evidence: 1
Technical Efficacy Stage: 1

ardiac magnetic resonance imaging (MRI) and echocar-

diography are noninvasive imaging modalities that are
of paramount importance in daily clinical practice for diag-
nosis, prognosis, and treatment planning in patients with
left-sided valvular heart disease (VHD).'™ The most com-
mon types of left-sided VHD in the Western world are
aortic valve stenosis (AS), aortic valve regurgitation (AR),
and mitral valve regurgitation (MVR), with estimated prev-
alences of 0.4%, 0.5%, and 1.7%, respectively. AS is most
often caused by degenerative calcification of the aortic valve
leaflets, whereas AR can result from valve stiffening due to
calcification, but can also result from aortic valve endocar-
ditis or aortic annulus dilatation.” MVR is generally divided
into two categories: primary organic MVR, which occurs as
a result of an intrinsically abnormal mitral valve, and func-
tional MVR, which develops secondary to left ventricular
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(LV) dysfunction or annular dilatation prohibiting normal
valve closure.® AS, AR, and MVR may all lead to LV
remodeling and eventually heart failure due to LV pressure
and/or volume overload.

Cardiac MRI is the standard of reference for the quanti-
fication of ventricular volumes, mass, and function and is a
highly valuable and reproducible tool in the diagnostic arma-
mentarium for VHD."” Images are typically obtained using
time-resolved (cine) MRI techniques, allowing targeted imag-
ing of all heart valves and myocardial structures during the
cardiac cycle. Furthermore, MR angiography (MRA) allows
for assessment of large vessels like the aorta, with or without
the use of contrast agents. However, to investigate which
hemodynamic mechanisms drive disease progression in VHD,
3D evaluation of flow patterns is indispensable, as 2D imag-
ing does not fully capture complex blood flow.
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Four-dimensional flow MRI (4D flow MRI or time-
resolved 3D phase-contrast MRI with three-directional veloc-
ity encoding) is an imaging modality capable of measuring
blood flow in the three principal directions and as a function
of time, allowing for accurate quantification of blood flow in
patients with VHD. An example acquisition protocol for car-
diac MRI including 4D flow MRI can be found in Allen
et al.®> 4D flow MRI-derived parameters, such as wall shear
stress and kinetic energy, enable characterization of hemody-
namic mechanisms in patients with left-sided VHD. In addi-
tion, tissue characterization techniques such as T;- and T,-
mapping enable quantification of myocardial fibrosis, extracel-
lular volume (ECV) fraction, and edema, which can be used
to study the effects of VHD on the myocardium. Strain anal-
ysis provides functional information regarding the contractil-
ity of the heart, facilitating timely identification of myocardial
dysfunction.” Thus, novel state-of-the-art cardiac MRI tech-
niques include 4D flow MRI, tissue characterization map-
ping, and strain quantification.®

In this review we provide a comprehensive overview of
advanced MRI techniques for the evaluation of left-sided
VHD. Current clinical imaging techniques (echocardiography
and MRI) are discussed, followed by an overview of novel
hemodynamic parameters derived from 4D flow MRI and
their diagnostic and prognostic potential. Finally, we discuss
the role of tissue mapping and strain quantification in left-

sided VHD.

Current Clinical Diagnostic Tools
Echocardiography

Current clinical guidelines recommend transthoracic echocar-
diography (TTE) or transesophageal echocardiography (TEE)
as the first-line diagnostic modality for the evaluation of left-
sided VHD." TTE is relatively cheap, fast, noninvasive, and
can be performed in real time at the bedside to acquire rele-
vant information on valve function and anatomy. Further-
more, cardiac blood flow assessment is possible using the
color Doppler mode. In AS patients, echocardiography is
used to assess aortic valve morphology, as well as several
parameters to grade AS severity including peak systolic blood
flow velocities and derivatives such as transvalvular pressure
gradients and the aortic valve area (AVA).! In AR, it is used
to assess valve morphology and the direction and severity of
the regurgitation jet." Quantification of AR can be performed
by measuring the regurgitation fraction, but is typically per-
formed taking into account a variety of parameters such as
LV dilatation, the width of the regurgitant jet (vena contracta
width), pressure half-time, and the presence of flow reversal
in the descending aorta. In patients with MVR, echocardiog-
raphy is useful to discriminate organic from functional MVR.
Assessment of MVR severity is based on a range of qualitative
and semiquantitative measures, including valve morphology
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and movement, LV dilatation and function, left atrial dilata-
tion, effective regurgitant orifice area, vena contracta width,
flow reversal in the pulmonary veins, and pulmonary artery
pressure. 110

One of the main limitations of routine 2D echocardiog-
raphy for hemodynamic assessment is that, due to the
assumption of a circular geometry of the flow pattern, the
complex dynamic nature of the blood flow tends to be over-
looked. As a result, quantification of transvalvular flow is
challenging and possibly inaccurate. Also, echocardiography
can only measure velocities in line with the transducer beam,
making it susceptible to errors caused by misalignment of the
transducer beam to the direction of the blood flow, especially
for eccentric and dynamic flow jets.""'? Furthermore, the
complex geometry and dynamic nature of the valve apparatus
during the cardiac cycle are not fully captured. Although 3D
echocardiography enables more comprehensive, volumetric
imaging of the heart, spatial and temporal resolutions are
poorer and its clinical applicability is limited due to the sig-

. . 1
nificant learning curve. 3

Current Clinical Cardiac MRI

MRI is becoming increasingly important in the assessment of
left-sided VHD in addition to echocardiography, providing
accurate information on functional and morphological valvu-
lar abnormalities, VHD severity, and LV function. Recent
clinical guidelines recommend MRI as an alternative for
inconclusive TTE examinations, caused by poor acoustic win-

,14

dows, for instance.' Using steady-state free-precession
(SSFP) imaging and accurate adjustment of imaging planes,
all four heart valves can be visualized in predefined imaging
planes.” 2D phase-contrast velocity mapping enables quantifi-
cation of blood flow volumes and velocities across heart
valves. However, slice-based cine imaging for the assessment
of AS, AR, or MVR relies on correct manual plane position-
ing and angulation. In addition, imaging in a fixed plane does
not allow for accurate assessment of dynamic cardiac struc-
tures, which is particularly relevant for the atrioventricular
valves. Thus, although MRI is considered more accurate and
reproducible than echocardiography in the assessment of ven-

15,16 .
>16 obtain-

tricular volumes and flow across the heart valves,
ing a correct understanding of valvular function based on 2D
imaging remains a challenge. The most important advantages
and disadvantages of cardiac MRI and echocardiography for
the quantitative assessment of VHD are summarized in a

publication by Thavendiranathan et al."”

4D Flow MRI

4D flow MRI, or time-resolved 3D phase-contrast MRI, is
powerful in its capability to noninvasively measure blood flow
velocities in vivo within a volume in the three principal direc-
tions. It allows for the dynamic quantification of blood flow
in both the heart and the great vessels with good spatial and
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Vy, and Vz), (B) phase-contrast MRA, (C) systolic pathline visualization of the thoracic aorta, color-coded for velocity, and (D) systolic
wall shear stress visualization.

temporal resolutions. Pathline or streamline visualizations
provide insight into 3D hemodynamics and 4D flow MRI-
derived hemodynamic parameters may aid in the evaluation
of VHD (Fig. 1). Scan times range from 5-10 minutes with
the use of advanced acceleration techniques and respiratory
motion is usually compensated for with navigator gating at
the lung-liver interface or a respiratory belt. Recommended
acquisition parameters have been stated by Dyverfeldt et al."”

In 4D flow MRI, velocity data are acquired in an entire
volume of interest, enabling blood flow quantification during
postprocessing in any desired orientation. Consequently, 4D
flow MRI is better suited for visualization and quantification
of eccentric and dynamic transvalvular flow patterns than 2D
PC-MRL'®" Valve orifice areas and pressure gradients can
be calculated from peak flow velocities using the simplified
Bernoulli equation.”® 4D flow MRI in combination with
valve tracking offers the possibility to quantify transvalvular
blood flow corrected for cardiac motion, and has been shown
to yield good correlations across heart valves.”'>* Dedicated
software facilitates semiautomated retrospective valve tracking,
using two orthogonal cine MRI acquisitions to locate the
valve annulus during each cardiac phase. As a result, the
quantification plane closely follows the valve orifice through-
out the cardiac cycle. This is especially valuable for the atrio-
ventricular heart valves, which have a complex valvular and
annular anatomy and are highly dynamic. The use of 2D PC-
MRI to measure net lows over the mitral valve (MV) and tri-
cuspid valve (TV) has been associated with markedly lower
correlations between valves than 4D flow MRI with valve
tracking (Pearson’s 7 = 0.34, P = 0.34 for 2D PC-MRI as
opposed to 7 = 0.91, P < 0.01 for 4D flow MRI).*

Furthermore, various advanced hemodynamic parame-
ters can be extracted from 4D flow MRI-acquired data. In
this section we provide a brief overview of 4D flow MRI-
derived hemodynamic parameters that may aid in the clinical
evaluation of left-sided VHD. The application of 4D flow
MRI to AS, AR, and MVR as proposed in the current litera-
ture will be discussed in the subsequent section.
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Wall Shear Stress

Wall shear stress (WSS) is defined as the viscous shear force
of flowing blood acting tangentially on the vessel wall. It is
the frictional force of the blood on the vascular endothelium
and has been associated with vessel wall remodeling.24 4D
flow MRI can be used to calculate regional aortic WSS from
near-wall blood flow velocity gradients.”> Figure 2 shows
examples of peak systolic patient-specific velocity vectors and
cohort-averaged WSS patterns in the thoracic aorta of patients
with aortic dilatation distal to a trileaflet aortic valve with and
without AS. Histological validation shows that regions with
increased WSS are subject to extracellular matrix degradation
and elastic fiber degeneration in the ascending aorta of
patients with bicuspid aortic valve (BAV) disease.”® Longitu-
dinal studies will have to determine whether WSS is a good
predictor of aortopathy in patients with aortic valve disease.

Flow Displacement

Flow displacement is a parameter used to quantify the eccen-
tricity of the flow jet in the ascending aorta. It is defined as
the distance between the velocity-weighted center of the peak
systolic flow jet and the ascending aorta luminal centerline
(Fig. 3). High degrees of flow displacement have been
observed in patients with AS, BAV disease, and after trans-
catheter aortic valve replacement (TAVR).” ™ A study in
25 BAV patients has shown that typical displacements differ
between various BAV morphologies and correspond with pat-
terns of dilative aortopathy.”’ Moreover, flow displacement
correlated with the aortic growth rate, making this parameter
a potential risk marker in patients susceptible to valve-
induced aortic dilatation.

Flow Component Analysis

Flow component analysis using particle tracing can provide
insight into the efficiency of the cardiac cycle. Blood transit-
ing the LV may follow different paths that can be specified
by spatial origin and destination over the cardiac cycle, allow-
ing for the definition of four components: 1) direct flow, ie,
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FIGURE 2: Exemplary 3D velocity vector visualizations and bSSFP images of the trileaflet valve and the left ventricular outflow tract
in (A) a healthy control showing full opening of the valve, (B) a patient with a trileaflet aortic valve (TAV) and a thoracic aortic
aneurysm (TAA)—velocities are lower than in the control—and (C) a patient with a stenosed trileaflet aortic valve showing high
velocities. LV, left ventricle; AV, aortic valve; AAo, ascending aorta; RPA, right pulmonary artery. (D-G) Cohort-averaging of WSS
shows that WSS is lower for patients with TAV-TAA without AS, whereas WSS increases when AS severity increases. (Adapted from:
van Ooij P, Markl M, Collins JD, et al. Aortic valve stenosis alters expression of regional aortic wall shear stress: New insights from a
4-dimensional flow magnetic resonance imaging study of 571 subjects. J Am Heart Assoc 2017;6:¢005959; Available from, DOI:

10.1161/JAHA.117.005959, with permission.)

blood entering and leaving the LV in the same cardiac cycle;
2) retained flow, ie, blood that enters the LV but is not
ejected during systole; 3) delayed ejected flow, ie, blood that
already resides in the LV before diastole and is ejected during
subsequent systole; and 4) residual volume, ie, blood that
already resides in the LV before diastole and stays there dur-
ing systole (Fig. 4).°> These components can in turn be ana-
lyzed based on kinetic energy (KE). Flow component analysis
(together with KE analysis) may in particular prove useful for
the evaluation of complicated VHD phenotypes like low-flow
low-gradient AS or combined VHD, as current clinical
parameters do not always suffice in determining the severity

and origin of these diseases.>

Vortical Flow Patterns

Passage of blood across the heart valves leads to a certain
degree of flow disturbance, depending on valvular function.
As a result, KE is converted into thermal energy in a process
called viscous energy loss.>* Formation of vortices down-
stream of the heart valves minimizes this energy loss.>® Visual
and quantitative evaluation of vortical flow by 4D flow MRI
is particularly relevant for the assessment of diastolic LV
inflow.*® Vortex formation during LV inflow is a natural phe-
nomenon that is believed to be important for redirection of
blood towards the LV outflow tract, and thus for efficient car-
diac function.”” A recent 4D flow MRI study in 32 patients
who underwent atrioventricular septal defect (AVSD) repair
revealed significant differences in vortex presence, position,
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shape, and orientation compared to healthy subjects (see
Fig. 5).® Furthermore, vortex core shape and orientation
were strongly related to valve shape and LV inflow direction.

Turbulent Kinetic Energy

Whereas viscous energy loss is related to flow inefficiency in
nonturbulent flow such as vortical and helical flow, turbulent
kinetic energy (TKE) reflects flow inefficiency in regions of
flow disturbance characterized by rapid velocity fluctuations
in different directions, often referred to as turbulence.>*#°
4D flow MRI can be used to derive velocity distributions in
individual voxels and subsequently calculate TKE and pres-
sure gradients. As heat dissipation is not accounted for in
TKE calculations based on three-directional 4D flow MRI,
Ha et al proposed the use of a six-directional 4D flow encod-
ing scheme to quantify TKE.*! They show that this method
can robustly predict the irreversible pressure drop in a phan-
tom stenosis model.*!

Application of 4D Flow MRI to Left-Sided VHD

Aortic Valve Stenosis

Severe AS can lead to symptoms such as dyspnea, angina, and
syncope and is a major cause of morbidity and mortality
worldwide.! Grading of AS severity by MRI is typically based
on peak blood flow velocity or AVA assessment using 2D
PC-MR], to estimate the transvalvular pressure gradient, and/
or AVA."*? Echocardiographic estimation of pressure
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Healthy control Severe AS

FIGURE 3: Differences in blood flow eccentricity between a
26-year-old healthy control (left) and a 21-year-old patient with
severe AS accepted for surgical aortic valve replacement (right).
Pathlines (top) show a more helical flow pattern for the AS
patient than for the healthy control. Cross-sectional views of the
velocities in the mid-ascending aorta (bottom) give insight into
the flow displacement, which is defined by the distance
between the center of the blood flow (indicated by the cross)
and the centerline of the vessel (indicated by the circle) and is
normalized to the lumen diameter.

gradients has demonstrated systematic discrepancies between
These

discrepancies were assigned to pressure loss overestimation by

Doppler-based and catheter-based measurements.*®

Doppler echocardiography due to the pressure recovery phe-
nomenon downstream of the aortic valve, and consequently
overestimation of AS severity. 4D flow-derived estimation of
transvalvular pressure gradients based on TKE has been pro-
posed as a supplementary method in the evaluation of
AS,** a5 it allows for functional analysis of energy efficiency
and cardiac workload that echocardiography does not offer.
The clinical value of 4D flow-derived TKE is supported by
good correlations between TKE values in the ascending aorta
and poststenotic pressure loss in AS patients.” 246 Further-
more, in AS patients with aortic dilatation, elevated 4D flow-
derived viscous energy loss in both the ascending and thoracic
aorta strongly correlated with the transvalvular pressure gradi-
ent as calculated with the modified Bernoulli equation.*”*®
Another 4D flow study has focused on quantification of the
effective orifice area (EOA) to determine AS severity, employ-
ing a method called jet shear layer detection.*” This method
uses a mathematical approach to distinguish flow jets from
recirculating flow to reveal a "shear layer" that represents the
EOA border at the height of the vena contracta.

4D flow MRI may also aid in the assessment of VHD-
induced aortic dilatation. Several 4D flow MRI studies show
that the presence and severity of AS determine the extent of
abnormal hemodynamics throughout the entire ascending
aorta, giving rise to elevated WSS and subsequent extracellu-
lar matrix degradation and elastic fiber degeneration in the
ascending aorta.”*>*>"!

Treatment of severe AS consists of replacement of the
stenotic valve through surgical aortic valve replacement
(SAVR) or, predominantly in elderly or high-risk patients,
transcatheter aortic valve replacement (TAVR).*? Technical

FIGURE 4: (A) lllustration of the four functional components of LV blood flow: direct flow, green; retained flow, yellow; delayed
ejected flow, blue; residual volume, red. (B-D) Pathline visualizations of the four components in a healthy 50-year-old woman during
(B) early diastole, (C) diastasis, and (D) atrial contraction. Ao, aorta; LV, left ventricle; LA, left atrium. (Adapted from: Eriksson J, Bolger
AF, Ebbers T, Carlhall CJ. Four-dimensional blood flow-specific markers of LV dysfunction in dilated cardiomyopathy. Eur Heart J
Cardiovasc Imaging 2013;14:417-424, by permission of Oxford University Press on behalf of the European Society of Cardiology.)
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FIGURE 5: Different vortex core orientation and shape during
early diastole in a patient with corrected atrioventricular septal
defect (AVSD) (B,D) compared with a healthy control (A,C).
Streamline visualizations show a more lateral inflow direction in the
patient (B) compared to the healthy control (A). LA, left atrium; LV,
left ventricle. (Adapted from: Calkoen EE, Westenberg JJ, Kroft
LJ, et al. Characterization and quantification of dynamic eccentric
regurgitation of the left atrioventricular valve after atrioventricular
septal defect correction with 4D Flow cardiovascular magnetic
resonance and retrospective valve tracking. J Cardiovasc Magn
Reson 2012;17:1-9, with permission.)

developments in both image acquisition and prosthetic valve
designs have made MRI in patients with aortic valve prosthe-
ses possible, allowing for the evaluation of blood flow charac-
teristics after AVR. 4D flow MRI studies focusing on the
hemodynamic performance of prosthetic aortic valves have
compared various biological aortic valves, mechanical aortic
valves, and transcatheter aortic valve implants.”>>® These
studies show that after AVR, ascending aortic hemodynamics
are different compared to native aortic valves and that blood
flow velocities and WSS vary between different types of pros-
theses. Future 4D flow MRI studies are necessary to deter-
mine whether these differences between prostheses, such as
differences in WSS patterns, have a prognostic value and may
aid in patient-specific treatment selection.

Aortic Valve Regurgitation

AR is most often caused by BAV, infective endocarditis, or
dilatation of the aortic root caused by connective tissue dis-
case.” Quantitative MRI assessment of AR consists of LV vol-
ume assessment and aortic flow measurements. Treatment
may consist of surgical aortic valve replacement, aortic valve
repair, or valve-sparing aortic root replacement. Timing of
treatment is based on several factors, including LV ejection
fraction (LVEF), LV diameters, and the presence of symp-
toms. Several small studies have shown that MRI-derived
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regurgitant volume may provide important prognostic infor-
mation in AR patients’*° and supersedes TTE-derived
regurgitant volume in its association with outcome.”
Research on the role of 4D flow MRI in patients with
AR is limited. A study of 54 patients showed that visual,
qualitative grading of AR is well possible with 4D flow MRI
in patients with mild to moderate AR and leads to good
agreement with TTE-based severity grading (k = 0.73).”” 4D
flow MRI with valve tracking has been used as a reference
method for quantification of AR with 2D and 3D Doppler
echocardiography. 2D Doppler echocardiography showed a
moderate agreement with 4D flow MRI in qualitative severity
grading (k = 0.53), in part due to eccentric jets which were
associated with weak correlation with 4D flow MRI-based
quantification (r = 0.66, P = 0.005).>® These results suggest
that, especially for eccentric jets and noncircular valve orifices,
4D flow MRI and 3D TTE can capture regurgitation better
than 2D TTE because they are not limited by geometrical
assumptions and suboptimal alignment with the flow jet. Fur-
thermore, 4D flow MRI studies using valve tracking in a
study population of healthy subjects as well as AR patients
demonstrated strong consistency between net flow volumes

across all four heart valves.*'"*

Mitral Valve Regurgitation
MVR is the most prevalent form of left-sided VHD. It can
cause LV volume overload, which may lead to progressive
dilatation of the left ventricle and left atrium, heart failure,
and pulmonary hypertension.® Decisions regarding surgical
interventions, being mitral valve repair or replacement, rely
on symptomatology as well as the regurgitation severity,
LVEF, and LV end-systolic diameter.

MRI has been proposed as an accurate and reproducible
method for the quantification of MVR and has been associ-

ated with more reproducible than

59-61

severity  grading
2D
(PC) MRI over the mitral valve does not optimally account

echocardiography. Since  direct phase-contrast
for annular motion and the valve’s complex anatomy, quanti-
fication of regurgitant volume is typically performed in an
indirect manner based on LV stroke volume and aortic
flow.%% A large multicenter study revealed a considerable dis-
cordance in categorical severity grading between MRI and
echocardiography.®" Interestingly, in a subgroup of patients
undergoing mitral valve surgery, MRI-based severity grading
had superior prognostic value over echocardiography in pre-
dicting the degree of postsurgical LV remodeling. Also, recent
large-scale studies found MRI-derived regurgitant volume to
be a better predictor of referral for surgery and all-cause mor-
tality than echocardiographic parameters.®>®* These findings
may evoke changes in the diagnostic and prognostic workup
of MVR patients, causing MRI to gain ground in the clinical
management of these patients.
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FIGURE 6: Retrospective valve tracking procedure on 4D flow MRI
data in a patient with asymptomatic severe MVR, as first
diagnosed by echocardiography. (A) The mitral valve is tracked on
a two-chamber and four-chamber cine bSSFP image (green line
shows the location of intersection). (B) The quantification plane is
angulated perpendicular to the regurgitation and shifted upward
towards the vena contracta to minimize phase dispersion effects
close to the valve. Corresponding time-resolved streamlines are
shown in (C,D). A regurgitation fraction of 44% was measured.

4D flow MRI in combination with retrospective valve
tracking enables accurate transmitral flow quantification. An
early study demonstrated excellent correlation between net
forward MV and tricuspid valve (TV) flow volumes
(r=10.97, P<0.01) and good correlation with aortic valve
(AV) forward flow (r=0.82, P<0.01 and 7= 0.74,
P < 0.01 for MV and TV, respectively) in 20 patients sus-
pected of having mitral and/or tricuspid valve regurgitation.*
Excellent consistency between mitral and aortic valve flow
(r=10.97, P<0.001) has been obtained even for complex
regurgitant flow jets in MVR patients who underwent AVSD
correction.'” See Fig. 6 for an example of valve tracking in a
patient with severe MVR. Also, MVR patients with eccentric
regurgitation jets have demonstrated highly disturbed left
atrial flow patterns with elevated left atrial TKE levels, which
were, averaged over the cardiac cycle, closely related to net
regurgitant volumes.®> Further characterization of left atrial
flow in MVR patients could render new insights into both
accurate quantification of MVR and the mechanisms driving
disease progression.

Retrospective studies with 4D flow MRI on surgical
cohorts increasingly demonstrate the prognostic value of
hemodynamic parameters. Al-Wakeel et al studied the effect
of MV repair on KE in patients with MVR and found that

324

MYV repair resulted in normalization of systolic and early dia-
stolic KE values, mainly due to reductions of blood vol-
The effect of MV on normal LV
hemodynamics has been assessed with 4D flow MRI as well,

umes.° repair
using mitral annuloplasty rings of different sizes implanted in
healthy sheep.67 Intraventricular flow patterns were shown to
be disturbed after annuloplasty, with a significant relation
between the size of the annuloplasty ring and the inflow

angle, as well as peak-diastolic velocity.

Tissue Characterization and Myocardial
Function Assessment by Advanced MRI
Techniques

Tissue Mapping

In patients with left-sided VHD, LV remodeling is an impor-
tant marker of disease progression. It is often characterized by
progressive myocardial fibrosis, resulting in LV systolic dys-
function.®® Tissue mapping is a novel MRI modality, capable
of visualizing and quantifying structural changes in the myo-
cardium. Images are based on the MRI characteristics T, T5,
and T,*(star) of the myocardium and allow for quantification
of both intracellular abnormalities (such as cytogenic edema
and iron overload), extracellular abnormalities (such as vaso-
genic edema and fibrosis), or a combination of both.®’

T;-Mapping and Extracellular Volume Calculation
T, values are a marker for myocardial fibrosis or tissue
inflammation: important markers of disease progression in
patients with left-sided VHD. In AS patients, mechanisms
leading to myocardial fibrosis include diffuse ischemia in
hypertrophic LV myocardium as a consequence of chronic
pressure overload.”””" In AR and MVR, volume overload
causes activation of the renin-angiotensin-aldosterone system,
which activates profibrotic pathways in the myocardium.”*”?
Myocardial fibrosis can be quantified through myocardial
biopsy, but recent studies have shown that extracellular vol-
ume (ECV), a proxy of diffuse myocardial fibrosis, can be
quantified using T;-mapping. This technique allows for mea-
surement of native T values of the myocardium and
gadolinium-enhanced T;-shortening; parameters that, after
correction for hematocrit levels, can be used to quantify the
amount of ECV in the myocardial volume of interest. Vari-
ous protocols have been proposed for the acquisition of T-
maps, such as the modified Look-Locker inversion recovery
(MOLLI) technique as described by Messroghli et al.”4
Although ECV mapping is traditionally performed using slow
intravenous gadolinium infusion, several studies have shown
that both simple bolus contrast administration and split dose
contrast administration allow for myocardial ECV fraction
measurements.”>’/ These developments may accelerate the
introduction of ECV mapping into routine clinical MRI
protocols.
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FIGURE 7: Color-coded native Tq-weighted images of a mid-ventricular LV slice of (A) a 63-year-old man with moderate AS who did
not experience any clinical event, (B) a 70-year-old man with severe AS who was hospitalized for decompensated heart failure, and
(C) a 65-year-old man with severe AS who died during follow-up. Native Tq-values as measured in a septal region of interest were
1,163 msec, 1,257 msec, and 1,358 msec, respectively. (Adapted from: Lee H, Park J-B, Yoon YE, et al. Noncontrast myocardial T1
mapping by cardiac magnetic resonance predicts outcome in patients with aortic stenosis. JACC Cardiovasc Imaging 2017;1-10,
with permission from Elsevier.)

Wong et al found, in an unselected cohort of patients
undergoing cardiac MRI, that ECV is a strong predictor of
mortality.”® Several studies in AS patients have shown that
T; values and the degree of myocardial fibrosis correlate with
disease progression and mortality and that myocardial ECV is
a strong predictor of cardiovascular complications”®”"”?~®!
(Fig. 7). Moreover, recent studies in AS patients indicate that
T,-mapping may aid in the detection of cardiac amyloidosis,
which can significantly influence the prognosis.82 Hence, T;-
mapping can be useful in the diagnostic work-up and the
prognostic evaluation of AS patients.®*™*’

In AR patients, Ti-mapping has revealed differences in
myocardial relaxation times compared to normal hearts.*® Fur-
thermore, increased ECV and diffuse fibrosis were found in
patients with asymptomatic moderate to severe MVR.%%
Future T;- and ECV-mapping studies are required to investi-
gate whether the finding of myocardial fibrosis in patients with
left-sided VHD mandates early surgical intervention to prevent
progressive and irreversible myocardial fibrosis. Interestingly,
early studies in patients with BAV and hypertrophic cardiomy-
opathy show that the combination of 4D flow MRI with tissue
mapping allows for comprehensive evaluation of flow and tis-

sue abnormalities that may lead to LV remodeling.”*”'

Strain Imaging

Strain imaging allows for dynamic assessment of LV function,
reflecting the contractility of the myocardial wall. With MRI,
strain can be measured longitudinally, circumferentially, and
radially using long-axis and short-axis cine images, typically
by means of feature tracking over 16 myocardial segments as
defined by the American Heart Association (AHA) model. An
example is shown in Fig. 8. This approach provides a simpli-
fied model of myocardial motion based on tracking of the
myocardial borders and allows for quantification of global
strain and strain rate, surrogates for diastolic function. In a
large meta-analysis, global longitudinal strain (GLS), as
assessed by echocardiography, has shown to be more
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predictive of mortality than LVEF in patients with LV dys-
function.”® The potential of GLS has also been investigated
specifically in VHD patients. A study comprising 233 patients
with severe MVR undergoing mitral valve repair identified
impaired GLS as an independent predictor of LV dysfunction
(LVEF <50%) during long-term follow—up.93 These patients
had a normal EF at the time of surgery and still developed LV
dysfunction postoperatively, indicating that myocardial damage
as a consequence of MVR may occur before LV function dete-
riorates. Indeed, in a cohort of asymptomatic MVR patients
(n = 737) with preserved LVEF, abnormal baseline GLS was
independently associated with long-term mortality.”* More-
over, impaired longitudinal and circumferential strain rates
6 months after MV repair have been associated with myofibril-

lar degeneration at the time of surgcer}r,95’96

signifying the clini-
cal value of impaired strain as an imaging biomarker of early
myocardial dysfunction. Also for AR, long-term studies show
that GLS is an independent predictor of mortality or indica-
tions for surgery.”’ > Outcome studies with similar results
have been conducted in AS patients.'**'*

Hence, future adoption of GLS evaluation into standard
clinical practice may lead to improved surgical timing in
patients with VHD. However, the application of strain imag-
ing for the assessment of LV function has so far not explicitly
appeared in guidelines for the clinical management of VHD.
Although most aforementioned strain studies employed echo-
cardiographic methods, a recent comparison of echocardio-
graphic speckle tracking with MRI-based feature tracking
showed that MRI is a useful alternative to echocardiography
for global strain analysis and more practicable due to better

image quality.'*?

Future Perspectives and Conclusion

This review demonstrates the potential of 4D flow MRI, tis-
sue mapping, and strain imaging for the diagnosis and quanti-
tative assessment of left-sided VHD. Longitudinal studies on
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FIGURE 8: Longitudinal strain analysis of the left ventricle using feature tracking. Cardiac MRl images were obtained in a 59-year-old
healthy person. (A) Two-chamber cine bSSFP image with tracked points in red and time-resolved trajectories in green. (B)
Superimposed 3D model showing end-systolic (orange) and end-diastolic LV volume (green), obtained by combining feature tracking
analyses in two-chamber, three-chamber, and four-chamber view. (C) AHA 16-segment model of longitudinal strain percentages.

the natural course of AS, AR, and MVR as well as large-scale
outcome studies on surgical patients are of great importance
to prospectively investigate the relation between disease devel-
opment and MRI-derived hemodynamic and tssue-
characteristic parameters. Furthermore, research is ongoing to
overcome various limitations. In 4D flow MRI, perhaps the
largest challenge is to keep scan times low while reaching
higher spatiotemporal resolutions in large volumes of interest.
Also, postprocessing is time-consuming and user- and
experience-dependent, delaying the implementation of these
techniques into general clinical practice. Technical develop-
ments, such as acceleration of acquisition sequences using
parallel imaging or k-t undersampling, may allow for more
efficient data acquisition and analysis. To date, only a few
commercial 4D flow MRI sequences and packages have been
introduced to the market, and most 4D flow studies and
applications rely on protocols developed by individual
research groups. The wide variety of used sequences and anal-
ysis software forms an obstacle for the development of 4D
flow MRI to become a commonly employed clinical
technique.

In tissue mapping, imaging studies have mainly been
conducted in small cohorts and the accuracy of T; values
remains unclear. Although consensus-based recommendations
for parametric mapping exist, histopathological validation of
T,-mapping studies will have to clarify whether tissue map-
ping can be used for diagnostic and prognostic purposes.®’
Strain imaging has not been performed as widely with MRI
as with echocardiography, although it is feasible on routine
MRI images and its prognostic value is supported by a large
body of echocardiographic studies. Intervendor differences,
however, might hamper the clinical implementation of strain
imaging.lo4

In conclusion, advanced cardiac MRI techniques pro-
vide valuable information that may guide clinical decision-
making and surgical planning in padents with left-sided
VHD. Future research should aim at exploring quantitative
MRI to its full potential in the optimization and fine-tuning
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of clinical management in VHD. Employment of quantitative
4D flow MRI, multiparametric mapping, and strain quantifi-
cation in combination with standard quantitative volumetry
and qualitative imaging (such as contrast-enhanced MRA)
ushers in a new era of increasingly accurate diagnosis, risk
stratification, treatment selection, and planning for best
patient outcome.
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