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KEY POINTS

� Four-dimensional (4D) flow magnetic resonance imaging (MRI) provides noninvasive, volumetric hemodynamic
assessment of cardiovascular disease.

� Thoracic aortic disease, pulmonary hypertension, multiple cardiomyopathies, and congenital heart disease have all been
evaluated with 4D flow MRI.

� Advanced hemodynamic characterization may play a role in improved risk stratification and treatment monitoring in
multiple cardiovascular disease, including aortic dissection and diastolic dysfunction.

� Decreased 4D flow scan time (now 5–8 minutes), and improved postprocessing tools, now allow for implementation in
standard clinical workflows.
INTRODUCTION
Noninvasive hemodynamic assessment of the heart
and great vessels plays a crucial role in diagnosis and
risk stratification of patients with cardiovascular and
pulmonary disease. Echocardiography, cardiac mag-
netic resonance imaging (CMR), and time-resolved
magnetic resonance angiography (MRA) have been
the primary clinical modalities used for exploring car-
diovascular hemodynamics, but each modality has
key limitations. Time-resolved, 3-dimensional phase-
contrast magnetic resonance imaging (4D flow MRI)
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has been used as a research tool for several decades.
This technique allows for quantitative blood flow
assessment in a 3D volume covering the heart and
great vessels in a single acquisition [1]. The pulse
sequence has recently been developed as a product
for most major MRI vendors for incorporation into
clinical workflows. This review provides details on
the 4D flow pulse sequence and postprocessing ap-
proaches, discusses areas of current clinical applica-
tions, and describes future applications in 4D flow
imaging of the chest.
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SIGNIFICANCE
Phase-Contrast Magnetic Resonance
Imaging
Two-dimensional phase-contrast MRI (2D PC-MRI) is a
technique for evaluating the velocity of flowing blood
and is commonly used in cardiovascular MRI [2]. PC-
MRI is a rapid, spoiled gradient-echo acquisition that
generates phase-encoded images by first acquiring a
standard magnitude image followed by a flow-
sensitive acquisition and subtracting the phase compo-
nent of the raw data between the 2 datasets. The flow-
sensitive image incorporates a bipolar gradient along
the spatial direction of interest (usually through-
plane), and flowing spins along this direction acquire
a phase shift that is proportional to velocity, while static
spins acquire no phase shift. In cardiovascular imaging,
these data are acquired in a segmented fashion that re-
quires multiple heartbeats to create approximately 20
phases covering the cardiac cycle, which allows for
assessment of velocity over time. This technique
FIG. 1 Comparison of 2D PC and 4D flow MRI acquisitio
cardiac cycle. Two-dimensional PC requires an approxim
flow is free-breathing and gated to the respiratory cycle
between R-R intervals for a temporal resolution of appro
only measures velocity in the through-plane direction (z
acquires velocities in a 3D volume, and velocities are m
generates a time-resolved velocity map with signal in-
tensity proportional to velocity (Fig. 1). When placing
a region of interest over a vessel or structure at each car-
diac phase, flow rate and net, forward, and regurgitant
flow can be calculated.
Four-Dimensional Flow Magnetic Resonance
Imaging
Acquisition
Four-dimensional flow MRI expands on the 2D PC-MRI
approach to acquire velocity data in a volume of interest
rather than a 2D plane. The 4 dimensions of “4D flow”
are the velocity measurements along the 3 spatial di-
mensions and time (see Fig. 1). Although 2D PC-MRI
is acquired in a single breath hold of 10 to 15 seconds,
the increased spatial and temporal data collected with
4D flow imaging requires a free-breathing, respiratory-
gated acquisition. Using current acceleration ap-
proaches, scan time is on the order of 5 to 8 minutes
ns. Both techniques are segmented and gated to the
ately 10-second breath hold per plane, whereas 4D
. Each approach acquires approximately 20 phases
ximately 40 to 50 ms. Two-dimensional PC generally
-axis) of a single 2D plane. Four-dimensional flow
easured along each of the x, y, and z axes.
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for applications in the chest. Key advantages and disad-
vantages of 4D flow MRI are summarized in Box 1.

Multiple user selected parameters can impact image
quality and velocity measurements in PC-MRI. The
most important user selected parameters are spatial res-
olution, temporal resolution, and velocity sensitivity.
For spatial resolution, it is necessary to have at least 5
voxels covering the vessel of interest. Velocity encoding
(VENC) defines the peak velocity that will be measured.
Typical VENC settings are w150 cm/s, which means
that any velocity more than 150 cm/s will be aliased.
The VENC should be set just above the highest expected
peak velocity to limit velocity aliasing. However, setting
VENC too high results in decreased velocity-to-noise ra-
tio, which reduces sensitivity to low velocities. The Soci-
ety of Cardiovascular Magnetic Resonance 4D flow
CMR Consensus Statement provides thorough guidance
on selecting pulse sequence parameters for most 4D
flow applications [1].
BOX 2
Postprocessing and visualization
Postprocessing and visualization of 4D flow MRI re-
quires specialized software, and multiple vendors now
provide dedicated 4D flow postprocessing platforms.
Several corrections are generally performed to optimize
viewing and quantification of velocity data including
Maxwell, eddy current, and gradient nonlinearity cor-
rections, as well as phase unwrapping, which can correct
small degrees of velocity aliasing within the data set [1].

There are multiple ways to visualize velocity infor-
mation within the volume of interest. The easiest way
BOX 1
Key advantages and disadvantages of Four-
Dimensional (4D) Flow Magnetic Resonance
Imaging (MRI) relative to 2D Phase-Contrast
(PC)-MRI

Advantages

Retrospective analysis plane placement within acqui-
sition volume

Measure velocity in all 3 spatial dimensions

Visualization of multidirectional flow features

Assess internal consistency of flow measurements

Disadvantages

Additional scan time of 5 to 8 minutes

Postprocessing time of 20 to 40 minutes

Data from Dyverfeldt P, Bissell M, Barker AJ, et al. 4D flow cardiovas-
cular magnetic resonance consensus statement. J Cardiovasc Magn
Reson 2015;17(1):72.
to get a qualitative assessment of bulk flow and velocity
is through time-resolved velocity maximal intensity
projections (MIPs) that project the maximal velocity
of each voxel into the viewing plane at each phase. Ve-
locity particle tracing simulates releasing small particles
into the flow field and following their path over time.
Velocity streamlines allow for full-velocity field visuali-
zation at each phase of the cardiac cycle, and velocity
vectors also can be overlaid to better visualize magni-
tude and direction of flow [1].
Velocity and flow quantification
The most powerful advantage of 4D flow MRI is the
ability to assess velocity and flow data anywhere within
the acquired volume retrospectively after acquisition,
whereas 2D PC-MRI requires prospective plane place-
ment at the time of acquisition. Quantification planes
can be placed at the region(s) of interest in the 4D
flow postprocessing software and regions of interest
placed around the vessel or structure of interest in
each cardiac phase. This analysis will produce flow
and velocity curves similar to 2D PC-MRI analysis. Mul-
tiple studies have shown good correlation between ve-
locity and flow data acquired with 4D flow and 2D
PC-MRI [3–17]. Additional advanced postprocessing,
such as wall shear stress (WSS), kinetic energy, and
flow stasis, also can be derived from velocity data
(Box 2) [18–22].
Hemodynamic parameters commonly evaluated
with 4D flow MRI

Standard Parameters

Velocity

Flow

Regurgitant fraction

Advanced parameters

Wall shear stress

Kinetic energy

Turbulent kinetic energy

Energy dissipation

Differential flow analysis

Flow angle

Flow displacement

Pulse wave velocity

Data from Dyverfeldt P, Bissell M, Barker AJ, et al. 4D flow cardiovas-
cular magnetic resonance consensus statement. J Cardiovasc Magn
Reson 2015;17(1):72.
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Artifacts and potential pitfalls
Key artifacts that can be seen in 4D flowMRI include ve-
locity aliasing, which is related to incorrect VENC set-
tings, spatial aliasing related to incorrect field of view,
reduced Signal-to-noise ratio (SNR) related to field in-
homogeneities or coil malfunction, and motion/seg-
mentation artifacts that are often related to respiratory
navigator settings or patient arrythmia. The net effect
of these artifacts is a reduction in both image quality
and a degradation of velocity/flow quantification.
Care should be taken at the time of acquisition to mini-
mize the impact of these artifacts within the region of
interest.

Pitfalls associated with 4D flow MRI often can be
avoided by clearly defining the imaging parameters of
interest and optimizing the scan appropriately. In gen-
eral, 4D flow should be optimized for the highest
spatial and temporal resolution that is feasible given
additional constraints, namely scan time. One method
to evaluate overall quantitative performance of a given
4D flow acquisition is a simple check of the conserva-
tion of mass principle in various vascular territories;
for example, in the absences of valvular disease, flow
through aortic valve and pulmonic valve should be
equivalent and the sum of flows in the left and right
pulmonary artery should equal flow in the main pul-
monary artery [1]. When specific indications are being
pursued, trade-offs should be considered. For example,
advanced hemodynamic characterization parameters,
such as kinetic energy, require high temporal resolution
to fully characterize the temporal changes in velocity.
Evaluation of smaller vessels, as in pediatric patients,
or WSS assessment require higher spatial resolution
for better delineation of vessel wall boundaries and
adequate resolution of the vessel lumen. Postprocessing
is also a source of potential errors in 4D flow imaging.
Postprocessing platforms may need to be optimized to
handle acquisitions from different MRI vendors and
should be discussed with the postprocessing software
company at the time of purchase. In addition, various
postprocessing platforms allow for various phase-
offset and background correction, and inconsistent
application of these techniques may impact direct com-
parison between quantitative parameters of interest.
Clinical Applications
Thoracic aorta disease
Aortic disease has been a leading topic of research in the
field of 4D flow MRI in large part because the aorta has
favorable size and velocity characteristics for MRI flow
imaging, while also providing a noninvasive alternative
to traditional catheter-based measurements. In healthy
individuals, 4D flow has identified age-related and
gender-related differences in aortic blood flow charac-
teristics [23]. Four-dimensional flow has also been
extensively used to examine abnormal blood flow in a
variety of aortic pathologies (eg, aortic aneurysm, coarc-
tation, and dissection) to better understand how
abnormal blood flow contributes to disease.

Bicuspid aortic valve and related aortopathy.
Bicuspid aortic valve (BAV) and associated ascending
aortopathy is likely the most widely studied application
of 4D flow MRI (Fig. 2) [24–36]. This disease is inter-
esting because there is debate as to the nature of the aort-
opathy with some evidence supporting an associated
connective tissue abnormality leading to aortic dilation,
whereas other data suggest the aortic dilation is driven
by the hemodynamic abnormality associated with BAV
stenosis [37]. Four-dimensional flow MRI has been
used to study the outflow jet features, such as velocity
and outflow angle, as well as jet impingement on the
aorta wall [33,34,38–40]. Guzzardi and colleagues
[41] demonstrated that regions of increased WSS corre-
spond with histopathologically confirmed extracellular
matrix dysregulation and elastic fiber degeneration in
the ascending aorta of patients with BAV. This study sug-
gests that valve-related hemodynamics are a contrib-
uting factor in the development of aortopathy in
patients with BAV. WSS also has been used as a marker
to explore the impact of beta-blocker therapy on aortop-
athy progression in patients with BAV [25].

Aortic coarctation. Aortic coarctation, a congen-
ital narrowing of the distal aortic arch, traditionally re-
lies on invasive pressure measurement to assess severity
of stenosis and inform the need for repair, with a pres-
sure gradient greater than 20 mmHg across the stenosis
indicating the need for repair. Four-dimensional flow
MRI has been used to noninvasively assess the hemody-
namics consequences of coarctation by depicting disor-
ganized post-stenotic flow patterns and providing an
assessment of increased collateral flow, an indirect
measure of coarctation severity, while also avoiding
the variability of manual 2D PC plane placement [8].
Several studies have demonstrated a strong correlation
between invasive catheter pressure measurements and
noninvasive pressure estimations based on 4D flow
MRI [42–45].

Pulmonary hypertension
Four-dimensional flow derived hemodynamic param-
eters of interest in pulmonary hypertension include



FIG. 2 Four-dimensional flow MRI (A) velocity streamlines and (B) velocity MIP in a 13-year-old boy with BAV
and aortic insufficiency (AI). (A) A high-velocity systolic jet impinges (asterisk) on the anterolateral wall of the
ascending aorta (AAo) with significant helical flow (red arrow). The mid ascending aorta is dilated to 4.0 cm (z-
score: 9.4). The aortic valve (AV) was not stenotic and this high-velocity flow is likely secondary to flow
acceleration in the setting of large-volume AI. (B) In diastole, the AI jet is visually striking (white arrow) and
quantification yielded moderate AI with a regurgitant fraction 5 37%.
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main pulmonary artery velocity and flow, vortical
and retrograde flow, pulse wave velocity, and WSS.
Additional cardiac parameters that can better
characterize the severity Pulmonary hypertension
(PH) include tricuspid valve regurgitant fraction and
right ventricle kinetic energy [46]. Using 4D flow for
PH assessment, Reiter and colleagues [47] demon-
strated that vortices were present in the main pulmo-
nary artery (MPA) of patients with PH, and the period
of existence of the vortex correlated with mean pul-
monary artery pressures (mPAP). A follow-up study
in a cohort of 145 patients with suspected PH
confirmed that a vortex forms in the MPA at
mPAP >16 mm Hg and the vortex duration increases
linearly with increasing mPAP [48]. Schäfer and col-
leagues [49] demonstrated a strong negative correla-
tion between decreased 4D flow–derived MPA WSS
and increased PVR (r 5 �0.74, P<.001) and addi-
tional markers of PH, including mPAP and measures
of stiffness.

Intracardiac hemodynamic evaluation
Multiple studies have investigated abnormal intracar-
diac flow in the setting of valvular abnormalities and
cardiomyopathies. Abnormal flow patterns in 4D
flow MRI have been associated with valvular abnor-
malities and ventricular and atrial dysfunction [50].
Aortic stenosis. Aortic valve stenosis (AS),
similar to coarctation, relies on evaluation of trans-
valvular pressure gradients to guide clinical manage-
ment. Four-dimensional flow has an emerging role
in assessment of AS given its ability to avoid error
related to off-axis interrogation plane leading to un-
derestimation of flow velocities with both 2D PC
and echocardiography. Unlike standard imaging tech-
niques, elevations in viscous and turbulent energy
loss can be measured among patients with AS by 4D
flow and may allow for a more complete assessment
of the hemodynamic and energetic stress placed on
the left ventricle [51,52].

Hypertrophic cardiomyopathy. In certain vari-
ants of hypertrophic cardiomyopathy, the combination
of systolic anterior motion of the mitral valve and
septal thickening can dynamically obstruct the left ven-
tricular (LV) outflow tract (LVOT) and result in
increased systolic LVOT pressure gradients. Four-
dimensional flow MRI has demonstrated the presence
of helical flow in hypertrophic cardiomyopathy and
an increased central velocity jet caused by outflow
obstruction [53]. Altered flow patterns in patients
with hypertrophic cardiomyopathy also were accompa-
nied by increased peak systolic LVOT pressure gradi-
ents that correlated with increased viscous energy loss
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and elevated myocardial fibrosis, as measured by extra-
cellular volume fraction [54].

Atrial fibrillation. Risk-stratifying patients’ stroke
risk and need for anticoagulation in patients with atrial
fibrillation (AF) can be challenging. Several groups have
studied patients with AF with 4D flow [55–59]. Stasis
mapping using 4D flow MRI identifies voxel-wise re-
gions of sluggish flow in a volume of interest. In a study
by Markl and colleagues [59] applying this technique in
the left atrium of patients with AF, atrial 4D flow MRI
demonstrated impaired but highly variable flow dy-
namics, stasis, and velocities in the left atrium and left
atrial appendage. This study also found a large fraction
of patients with AF presented with atrial flow dynamics
in the normal range despite elevated clinical risk
CHA2DS2-VASc score.

Congenital cardiovascular disease
Complex congenital heart disease (CHD) often requires
comprehensive, multimodality imaging using echocar-
diography, computed tomography (CT), and MRI
for complete preoperative characterization as well as
FIG. 3 Four-dimensional flow MRI in a 2-day-old boy wi
outlet mitral valve (MV, blue arrowheads), patent foramen
arch (white arrow), and large patent ductus arteriosus (PD
streamlines visualized in the anterior orientation in (A) ea
which shows outflow through the ascending aorta (AAo)
flow just through the PFO from left atrium to right atrium
through the MV from left atrium to LV. Contrast-enhance
orientations. (F) The steady-state free precession image
outflow was 7 mL and the LV outflow and MV inflow we
calculated Qp:Qs ratio is 2.3, consistent with a left to rig
posttreatment monitoring [60]. The complex anatomic
and hemodynamic alterations associated with complex
CHD can make noninvasive hemodynamic evaluation
with Doppler echocardiography or 2D PC-MRI chal-
lenging. In addition to ventricular function and volume
quantification, additional hemodynamic descriptors
are important for surgical planning and treatment eval-
uation. Examples in CHD include evaluation of valvular
function, the ratio of pulmonary (Qp) to systemic (Qs)
blood flow (Qp:Qs) to quantify the hemodynamic
impact of intracardiac and extracardiac shunts (Fig. 3),
assessing blood flow to pulmonary arteries in pulmo-
nary artery stenoses or following Fontan repair (Figs.
4 and 5), and assessing pulmonary vascular resistance
[1,60]. Valverde and colleagues [13] demonstrated
reduced MRI acquisition times for 4D flow MRI relative
to 2D PC-MRI (12:34 minutes vs 17:28 minutes, P<.01)
in patients with palliated single ventricle heart physi-
ology, which is an important consideration, as most pa-
tients with CHD require MRI under anesthesia.

Shunt evaluation. The Qp:Qs ratio is a common
indication for CHD hemodynamic assessment and an
th multiple congenital heart defects including double-
ovale (PFO, red arrowheads), hypoplastic left aortic
A, yellow arrow). The top row demonstrates 4D flow
rly systole, (B) mid systole, and (C) mid diastole,
and main pulmonary artery (MPA), inferiorly directed
, helical flow in the PDA, and 2 distinct flow jets
d MRA MIPs in the (D) axial and (E) sagittal oblique
demonstrates the double-outlet MV en face. The RV
re measured at 3 mL, all with 4D flow MRI. The
ht shunt.



FIG. 4 Four-dimensional flow MRI intraventricular vector velocity maps in patients with CHD with single RV
and single LV physiology, as well as a normal biventricular volunteer. Intraventricular velocities and flow
features are unique in each patient group and may help detect changes in ventricular function in patients with
single ventricle before changes in ejection fraction or volumes. (Courtesy of D. Rutkowski and A. Roldán-
Alzate, PhD, Madison, WI.)
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important parameter for assessing hemodynamic signif-
icance of shunts and need for surgical intervention.
Multiple studies have shown 4D flow performs well
in shunt assessment [7,61]. Chelu and colleagues [61]
showed good agreement of 4D flow measured Qp:Qs
with stroke volume estimates. Moreover, 20 patients
FIG. 5 Kinetic Energy (KE) streamlines during peak systo
KE can be derived from velocity and is an advance hem
characterizing flow features in many cardiovascular dise
Alzate, PhD, Madison, WI.)
with atrial septal defects (ASDs) in this study were
able to have flow across the ASD directly measured
with 4D flow. Direct versus Qp:Qs measurement of
shunt flow showed excellent correlation (r 5 0.96);
however, direct measurement underestimated shunt
volume by w0.6 L/min.
le in a healthy volunteer and patients with single RV.
odynamic parameter that may be useful in
ases. (Courtesy of D. Rutkowski and A. Roldán-



50 Allen et al
Ventricular function. Intraventricular kinetic en-
ergy (KE) is an emerging tool measured with 4D
flow that may play a role in early characterization of
ventricular dysfunction in CHD. Right ventricular
(RV) and LV function are important markers of risk
in patients with repaired Tetralogy of Fallot (rToF)
and need for reintervention. Sjoberg and colleagues
[62] recently showed patients with rToF and pulmo-
nary regurgitation (PR) with preserved LV global func-
tion have decreased LV systolic peak KE compared
with controls and RV diastolic peak KE is increased
in patients compared with controls related to PR.
The same group has evaluated KE in patients after
Fontan repair and found decreased KE in the LV of pa-
tients, which may reflect impaired ventricular filling
[63], whereas Kamphuis and colleagues [64] showed
ventricular energy loss due to viscous dissipation is
increased in patients with Fontan repair and dispro-
portionate to KE.
FIG. 6 Four-dimensional flow provides advanced visua
patients with type B aortic dissection. Three-dimensiona
characterization of the patient with type B aortic dissectio
of flow across fenestrations (asterisk, arrowheads) in the
forward and reverse flow at these locations. This analys
stratification information.
FUTURE DIRECTIONS
Aortic Dissection
Aortic dissection is an anatomically complex disease
characterized by aortic blood flowing in 2 adjacent
channels, the true lumen (TL) and false lumen (FL),
separated by a pliable dissection membrane, which it-
self contains multiple holes (ie, “fenestrations”) of vary-
ing size and number creating pathways for blood to
enter and exit the false lumen. Although standard
cross-sectional imaging techniques allow for anatomic
definition, they provide minimal information about
blood flow and have limited accuracy for identifying
fenestrations that affect the hemodynamics of the FL
[65]. Four-dimensional flow MRI is an ideal technique
to evaluate dissection, as it allows for both direct visual-
ization and quantification of blood flow in the TL
and FL, as well as dynamic motion of the dissection
flap throughout the cardiac cycle [66,67]. Four-
dimensional flow has been shown to yield reproducible
lization and hemodynamic characterization of
l CTA and standard MRA provides an anatomic
n. Four-dimensional flow MRI allows for visualization
dissection flap and quantitative measurements of

is may provide additional surgical planning or risk-



FIG. 7 Diastolic dysfunction evaluation with 4D flow MRI. Using the velocity MIPs, 2D planes can be placed
at the level of the mitral valve (green) and left superior pulmonary vein (PV, green). Oval regions of interest
placed over the regions of flow in these planes throughout the cardiac cycle all for quantification of the
maximum velocity curves over time (green curve: mitral valve velocity, red curve: left superior PV velocity). In
this patient, there is reversal of the normal ratio of E/A velocities at the mitral valve with normal systolic (S) and
diastolic (D) flow ratios at the left superior PV. This combination suggests grade 1 (mild) diastolic dysfunction.
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flow measurements in dissection patients compared
with 2D PC [68], and dual-VENC technique can be
applied to visualize both high-velocity and low-
velocity blood flow features [69]. In addition, small
dissection flap fenestrations that would otherwise be
difficult to identify with conventional CT angiography
(CTA)/MRA, can be more readily appreciated due
to the flow jets that they create (Fig. 6) [70]. Four-
dimensional flow has several potential uses in the clin-
ical assessment of patients with aortic dissection,
including presurgical planning and postsurgical moni-
toring of hemodynamics in patients undergoing endo-
vascular repair [69] and 4D flow–based biomarkers of
risk to guide patient selection for prophylactic endovas-
cular repair. A recent 4D flow study of patients with
chronic type B dissection demonstrated that the degree
of retrograde flow at the proximal entry tear was signif-
icantly higher among patients with progressive FL
growth, and that the entry tear regurgitant fraction
was correlated with FL growth rate [71–73].

Diastolic Dysfunction
Diastolic dysfunction and heart failure with preserved
ejection fraction is an increasingly recognized cause of
heart failure [74]. The underlying pathophysiology re-
sults in stiffening and impaired relaxation of the
myocardium with characteristic elevated LV filling pres-
sures. Usual echocardiographic assessment of diastolic
dysfunction can include measurement of the passive
and active mitral inflow velocities (E and A waves,
respectively) that reflect LV pressures, the mitral valve
plane velocity (e’), which is a measure of myocardial
relaxation, and pulmonary vein velocities that reflect
left atrial pressures [75]. Characterization of the
myocardium using late gadolinium enhancement or
myocardial T1 and T2 mapping can help characterize
ischemic and nonischemic causes of diastolic dysfunc-
tion [76]. Combining these tools with comprehensive
4D flow hemodynamic assessment including mitral
valve and pulmonary vein flows and mitral valve
tracking has the potential to provide a single-modality
assessment of diastolic dysfunction (Fig. 7) [50]. Addi-
tional novel applications with 4D flow using flow visu-
alization and quantification of LV KE and vorticity have
all been shown to correlate with diastolic dysfunction
and may provide additional markers of diagnosis and
risk stratification [77–79].
SUMMARY
Four-dimensional flow MRI can provide comprehen-
sive hemodynamic characterization of cardiovascular
disease. As a result of advances in accelerated image
acquisition, full covering of the heart and great vessels
is now feasible in 5 to 8 minutes. Dedicated postpro-
cessing software and high processor speeds have made
real-time clinical implementation possible. As training
and experience grows, the role of 4D flow MRI in car-
diovascular disease diagnosis, risk stratification, and
treatment monitoring will continue to increase.
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