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Abstract
This review describes the evolution and enhanced diagnostic capabilities introduced by four-dimensional
(4D) flow cardiac magnetic resonance (CMR) in cardiovascular imaging. It charts the historical ad-
vancements from echocardiography through to two-dimensional phase-contrast magnetic resonance
imaging (2D-PC MRI), culminating in the adoption of 4D flow MRI. This technique affords exhaus-
tive, time-resolved, three-dimensional visualisations of intracardiac and vascular blood flow, refining
the accuracy of cardiovascular assessments over traditional methods, especially in complex anatomi-
cal settings. The review elaborates on the capacity of 4D flow MRI to offer unparalleled insights into
flow dynamics, vessel wall interactions, and cardiac function, thereby enhancing disease detection, risk
stratification, and therapeutic evaluations. It accentuates the impact of 4D flow MRI on modern cardi-
ological practices, highlighting its pivotal role in advancing diagnostics and patient management in the
context of diverse cardiovascular pathologies.
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Introduction
Blood flow within the heart and major arteries is inherently pulsatile, multidi-

mensional, and multidirectional. Its accurate assessment is crucial for evaluating
cardiovascular hemodynamics (Secomb, 2016). Echocardiography, a cornerstone
in heart disease diagnostics, underwent significant advancements during the 1960s
and 70s (Edler and Lindström, 2004).

In the 1960s, continuous wave Doppler technology was introduced, which al-
lowed for the measurement of blood flow velocities along the entire path of the
ultrasound beam (Coman and Popescu, 2015). This technique was particularly valu-
able for assessing peak velocities and pressure gradients in valvular heart disease.
The 1970s brought the development of pulse wave Doppler, which enabled precise
localisation of blood flow measurements at specific points (Pereira et al, 2015).
This advancement was especially useful for evaluating the hemodynamic impact
of valvular heart disease and assessing diastolic function.

1 British Journal of Hospital Medicine | 2024 | https://doi.org/10.12968/hmed.2024.0382

https://www.magonlinelibrary.com/journal/hmed
https://www.magonlinelibrary.com/journal/hmed
https://www.magonlinelibrary.com/journal/hmed
https://orcid.org/0000-0002-5483-169X
https://www.magonlinelibrary.com/journal/hmed
https://doi.org/10.12968/hmed.2024.0382


REVIEWREVIEWREVIEW

In the late 1980s, two-dimensional phase-contrast magnetic resonance imaging
(2D-PC MRI) emerged as a major advancement in cardiovascular imaging. 2D-PC
MRI is a non-invasive imaging technique that allows for the measurement of blood
velocity in multiple directions across a plane. Unlike traditional Doppler echocar-
diography, which relies on angle-dependent assumptions, 2D-PCMRI offers angle-
independent velocity measurements. This means 2D-PCMRI can provide accurate
flow information, even when the direction of flow is complex or when it is difficult
to align the imaging plane with the blood flow, such as in areas with turbulent flow
or vessels with unusual geometries (Garcia et al, 2019). However, despite these
advantages, one notable limitation of 2D-PC MRI is its relatively lower spatial res-
olution compared to echocardiography. Spatial resolution refers to the ability of
an imaging modality to distinguish small structures that are close together. The
lower spatial resolution of 2D-PCMRI affects its ability to assess small anatomical
features or subtle structural abnormalities.

The next evolution in cardiac MRI was the development of four-dimensional
flow (4D flowMRI) in the early 2000s. 4D flowMRI is an advanced imaging tech-
nique that captures three-dimensional spatial data and three-dimensional velocity
data of blood flow. This information is encoded in each pixel within the heart and
vessels over the complete cardiac cycle (time being the fourth dimension) (Gorecka
et al, 2022). In simpler terms, 4D flowMRI provides a comprehensive view of how
blood moves in all directions within the heart and major vessels over time.

Initially, 4D flowMRI faced challenges such as lengthy acquisition times (over
one hour) and complex data processing. However, advancements in acceleration
methods, including parallel imaging techniques, have significantly improved its
feasibility. Parallel imaging involves the use of multiple receiver coils that simulta-
neously capture different portions of the image, thereby reducing the time needed
to acquire the complete dataset (Bissell et al, 2023). Further improvements in mo-
tion compensation techniques, which correct for the movement of the heart during
the scan, and valve tracking capabilities, which ensure accurate measurement of
flow through moving heart valves, along with the enhancements in MRI hardware
and post-processing software, have transformed 4D flow MRI into a practical and
versatile imaging tool. These advancements have revolutionised the ability to diag-
nose and monitor cardiovascular conditions, providing unprecedented insights into
flow patterns, vessel wall interactions, and cardiac function that were previously
unattainable with traditional imaging techniques. Table 1 provides a comparison
between echocardiography, 2D-PC MRI, and 4D flow MRI.

Four-dimensional flow MRI offers several important benefits. One major ad-
vantage is the ability to select any region within the three-dimensional (3D) data
volume retrospectively, meaning that clinicians can analyse different areas of in-
terest after the initial scan without needing to perform additional imaging. This
unrestricted planar access permits retrospective flow measurements, enhancing the
flexibility and utility of the data collected.
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Table 1. Differences between echocardiography, 2D-PC MRI and 4D flow MRI.
Feature Echocardiography 2D-PC MRI 4D flow MRI
Measurement type PW: Blood flow velocity at specific points Velocity and flow quantification across a

plane
Velocity and flow quantification in 3D over
timeCW: High-velocity blood flow along a single

line
Dimensionality 1D (along ultrasound beam) 2D (in a defined plane) 4D (3D spatial + time)
Spatial resolution PW: Resolution depends on sample volume,

typically 1–2 mm in depth and width
It can resolve flow within a single plane,
typically with a 1–3 mm spatial resolution.
Thickness depends on the imaging protocol,
but often 5–8 mm

Typically 1–3 mm spatial resolution in all three
dimensions. Voxel size varies, often 1–22 mm
isotropic, enabling detailed flow visualisationCW: Measures along a single line, so no

depth resolution
Temporal resolution High (frame rate >50 Hz) Moderate (temporal resolution 40–50 ms) Moderate (temporal resolution 40–50 ms)
Field of view Limited to the beam path Limited to cross-section region of interest Truly unlimited and can cover the entire heart
Clinical applications PW: Peak velocity, time-velocity integral,

valve area
Flow quantification, shunts, valvular assess-
ment

Comprehensive flow dynamics, complex
flow patterns, and haemodynamic assessment

CW: Peak velocity, pressure gradient, valve
area

Advantages Real-time, high temporal resolution, easy to
perform

Quantitate flow assessment, directionality,
and phase encoding. Fast acquisition

Comprehensive flow assessment, visuali-
sation of complex flow patterns. Not
radiographer-dependent

Limitations PW: Angle-dependent, limited sample vol-
ume, aliasing

Requires longer acquisition time, breath-
holds needed, limited to 2D planes

Time-consuming data acquisition and pro-
cessing, high computational requirements

CW: Angle-dependent, no depth resolution,
aliasing

Patient preparation Minimal Requires MRI-compatible environment, breath-holding
Aliasing: a phenomenon where velocities exceeding the Nyquist limit are incorrectly represented as lower velocities. Breath-holding: a common requirement
in MRI imaging to minimise motion artefacts by asking patients to hold their breath during image acquisition. Field of view: the extent of the observable area
that an imaging modality can capture at one time. Spatial resolution: the ability of an imaging modality to distinguish small details. Temporal resolution: the
ability of an imaging modality to capture fast-moving structures by taking images in rapid succession. Voxel size: the smallest distinguishable box-shaped part of
a three-dimensional image. 2D-PC MRI, two-dimensional phase-contrast magnetic resonance imaging; 4D flow MRI, four-dimensional flow magnetic resonance
imaging; PW, pulse-wave Doppler; CW, continuous-wave Doppler; 1D, one-dimensional; 3D, three-dimensional.
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Secondly, the analysis of 4D flow acquisitions allows for a comprehensive as-
sessment of blood flow that extends beyond basic phase-contrast parameters, such
as the speed, volume, and direction of blood. As an advanced imaging technique,
4D flow MRI can estimate the hemodynamic effects at the interface between blood
and other tissue types, such as myocardium and vessel walls, as well as visualise
flow signatures within the cardiac structures (Crandon et al, 2017). Examples of
hemodynamic parameters that can be derived from 4D flow data include kinetic
energy (energy of blood flow due to its motion), wall shear stress (a frictional force
that blood flow exerts on the inner walls of vessels), viscous energy loss (energy
dissipation due to the internal friction within a fluid as it flows), and the presence
of vortex formations (a measure of the ‘spinning’ motion of flow) (Demirkiran et
al, 2022; Kaur et al, 2020). These tools have clear translational benefits. Research
using 4D flow MRI is advancing the understanding of how abnormalities in blood
flow correlate with symptoms and disease prognosis. This technology allows clini-
cians to identify specific ‘flow signatures’, unique patterns of blood flow, that can
be used to diagnose disease, stratify risk for important clinical outcomes, and mon-
itor the hemodynamic response to treatment (Zhuang et al, 2021).

Moreover, 4D flow MRI is a versatile clinical tool with diverse applications
across a range of disease states. For example, it can assess abnormal flow dynamics,
such as those occurring in stenotic regions, regurgitant jets, or turbulence. Under-
standing these dynamics can provide critical information on the severity of disease
and guide clinical decisions, including the need for surgical intervention (Gorecka
et al, 2022).

Another application is the visualisation of complex flow phenomena, such as
vortex formation (circular flow patterns), helical flows (a spiral-like twisting of
flow that can indicate changes in blood vessel structure or function), and intracar-
diac flow disturbances (abnormal flow patterns within the heart chambers). The
advanced imaging capabilities are particularly useful in predicting outcomes for
patients with conditions such as pulmonary arterial hypertension, where the pre-
cise characterisation of blood flow can inform the likely disease trajectory and the
effectiveness of therapeutic interventions (Ota et al, 2022).

In this article, we review the application of 4D flow MRI across several key
cardiovascular disease states, including valvular heart disease, aortopathies, and
pulmonary arterial hypertension. We highlight the value of 4D flow MRI in offer-
ing detailed anatomical and functional insights, which are crucial for the accurate
assessment of these conditions. We hope this synthesis of relevant and up-to-date
literature underscores the transformative potential of 4D flow MRI, which is appli-
cable to all practitioners providing care to patients with cardiovascular disease.

Clinical Utility of 4D Flow MRI in Aortic Valve
Disease

Aortic valve disease is the most common form of valvular heart disease, af-
fecting approximately 5% of individuals over the age of 65 (Lindroos et al, 1993;
Rajamannan et al, 2011). Accurate detection and grading of disease severity are cru-
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cial, as these assessments directly influence clinical decisions, including whether
to proceed with surgical intervention (Benjamin et al, 2018).

Aortic stenosis (AS) is most commonly the result of age-related degeneration,
which leads to an obstruction of forward blood flow through the aortic valve. When
the disease progresses to a severe state, AS significantly impacts morbidity and
mortality (Blanken et al, 2018). Key biomarkers used to determine the severity of
AS include peak systolic blood flow velocities (themaximum speed and direction of
blood during the systolic period), transvalvular gradient (the difference in pressure
between the left ventricle (LV) and the aorta during blood ejection), and aortic valve
area.

Echocardiography, the primary diagnostic tool for AS,measures these biomark-
ers but has limitations. Its accuracy can be compromised by geometric assumptions,
such as assuming that heart valves are perfectly circular or that the shape of the ven-
tricular chamber is ellipsoidal. Additionally, flow misalignment can occur when
the direction of blood flow is not parallel to the ultrasound beam, which can lead to
inaccuracies, especially in cases of eccentric flow patterns (where blood flows ab-
normally off-centre through the valve) or dynamic flow jets (flow patterns that vary
in response to changing cardiac conditions) (Garcia et al, 2003). Similarly, 2D-PC
MRI, which captures blood flow in only one direction, often underestimates flow
rates and peak velocities compared to echocardiography due to its limited ability to
account for complex flow dynamics (Adriaans et al, 2020; Søndergaard et al, 1993).

4D flowMRI offers a more comprehensive solution for evaluating aortic valve
disease by incorporating three velocity-encoded directions (x, y, and z). This means
that it can measure blood flow velocity in three dimensions, capturing the full com-
plexity of blood movement through the heart and vessels. One significant advan-
tage of 4D flow MRI is its ability to retrospectively select the highest velocity site
for quantification, making it particularly effective for assessing multiple and eccen-
tric jets (jets not aligned along a straight path). This capability results in more ac-
curate measurements of peak velocities and mean transvalvular gradients, thereby
avoiding the underestimation of these parameters that often occurs with 2D-PC
imaging (Adriaans et al, 2020; Blanken et al, 2018; Garcia et al, 2019). Further-
more, pressure gradient assessment across the aortic valve using 4D flow MRI is
consistent with invasivemeasurements and, when compared to Doppler echocardio-
graphy, it shows superior agreement with results obtained from invasive catheteri-
sation (Grafton-Clarke et al, 2022). This makes 4D flow MRI a valuable tool for
non-invasive yet highly accurate evaluation of aortic valve diseases.

The precision of 4D flow MRI is particularly advantageous in situations with
dynamic and eccentric flow patterns, as it can more accurately capture the nuances
of blood flow. This enhanced accuracy is crucial for better assessing the severity of
AS, especially in cases where the stenosis is not uniform of where the flow patterns
are highly complex. Fig. 1 illustrates a case of degenerative stenotic valvular heart
disease, where the patient has both aortic stenosis and regurgitation, as well as mi-
tral regurgitation. In this example, flow acceleration through the stenotic lesion can
be observed, along with adaptive left ventricular hypertrophy. Importantly, during
diastole, aortic regurgitation competes with mitral inflow, restricting the opening
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of the anterior mitral valve leaflet. The degree of spatial flow delineation provided
by 4D flow is not achievable with continuous-wave, pulse-wave, or colour Doppler
echocardiography.

Fig. 1. Application of 4D flowMRI streamline visualisation in valvular heart disease. In systole
(A,B), there is flow acceleration in the aorta, with irregular thickening of the tips of the aortic valve
leaflets. There is also retrograde flow through the mitral valve, consistent with mitral regurgitation.
In diastole (C,D), there is regurgitation through the aortic valve, with a jet directed towards the
anterior leaflet of the mitral valve that is restricting mitral inflow (blue streamlines).

Additionally, the 4D flow MRI’s ability to measure turbulent kinetic energy
(TKE) offers further insight into the hemodynamic impact of AS. TKE quanti-
fies the energy loss due to turbulence, providing information about how efficiently
blood flows through a stenotic valve (Mansoor and Garcia, 2023). This compre-
hensive hemodynamic quantification can be particularly valuable for understanding
patient symptoms and assessing the potential impact on cardiac function (Binter et
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al, 2017). For example, a study has shown that left ventricular blood flow kinetic
energy, as measured using 4D flow MRI, correlates with exercise performance dur-
ing the six-minute walk test (Elhawaz et al, 2021). The same research indicates that
impaired left ventricular kinetics before aortic surgery can predict adverse remod-
eling following valvular intervention. This highlights the role of 4D flow MRI as
a marker of functional status, as well as a predictor of outcome following surgical
intervention.

Aortic regurgitation (AR) occurs when the aortic valve leaflets fail to close
properly, resulting in the backflow of blood from the aorta into the left ventricle.
AR ismost frequently caused by age-related degeneration of the valve. Precise grad-
ing of AR is essential for appropriate clinical management, as it helps determine
the timing of valve repair or replacement to prevent progressive heart damage and
worsening symptoms. Alongside traditional 2D echocardiography, which remains
the standard diagnostic tool in the United Kingdom, 4D flow MRI has emerged
as a valuable diagnostic tool. 4D flow MRI demonstrates exceptional sensitivity
(100%) and specificity (98%) for AR detection and is particularly effective in over-
coming the challenges posed by eccentric jets and non-circular valve orifices that
can complicate echocardiographic assessments (Chelu et al, 2016; Crandon et al,
2017).

4D flow MRI offers valuable hemodynamic insights that go beyond those of-
fered by conventional imaging modalities. By capturing both qualitative and quan-
titative data, 4D flow provides detailed information on complex flow dynamics,
such as peak velocity, flow volume and regurgitant fraction. These parameters are
crucial for evaluating aortic valve function and understanding the progression of
aortic valve disease. Moreover, 4D flow MRI uniquely characterises intricate pat-
terns of disturbed flow, including helical flow patterns that may increase the risk
of aortic dilatation and dissection (Hope et al, 2009), vortex formation associated
with abnormal shear stress (force exerted parallel to the vessel wall), potentially
leading to valve degeneration (Takehara et al, 2020), and flow eccentricity, which
can impact valve durability and function (Farag et al, 2019). These capabilities
underscore the utility of 4D flow MRI in clinical settings, spanning pre-operative
assessments, post-operative evaluations, and risk stratification. In these contexts,
4D flowMRI offers more accurate quantification of the regurgitant fraction and bet-
ter prediction of symptoms and clinical outcomes compared to echocardiography
(Myerson, 2021; Ranard et al, 2023).

Furthermore, 4D flow MRI’s ability to detect left ventricular remodelling, an
adaptive response of the heart to volume overload caused by AR, is useful (Elhawaz
et al, 2021). Recognising these changes early can guide timely intervention, poten-
tially preventing significant ventricular damage and reducing the risk of complica-
tions such as heart failure (Vollema et al, 2019). The consistency and reliability
of 4D flow MRI are further enhanced by its adherence to the conservation of mass
principle (a core concept in fluid dynamics stating that mass cannot be created or
destroyed in a closed system), ensuring that measurements of blood flow are not
only precise but also reproducible across different imaging sessions and patient po-
sitions (Juffermans et al, 2021; Roes et al, 2009; Westenberg et al, 2008). This
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reproducibility is crucial for both clinical research and routine patient care, as it
provides consistent and reliable data that support therapeutic decisions.

Bicuspid aortic valve (BAV) is the most common congenital valvular heart
disease, affecting approximately 1–2% of the population. This condition is char-
acterised by having only two cusps in the aortic valve. BAV can be associated
with aortic stenosis (AS), aortic regurgitation (AR), both, or neither (Evangelista
Masip et al, 2022). AS is the most prevalent dysfunction among older adults with
BAV, occurring when the valve leaflets become thickened or calcified, restricting
blood from the left ventricle to the aorta. On the other hand, BAV-related AR is
more commonly seen in younger individuals. This typically results from annular
dilatation (enlargement of the valve ring), cusp retraction (pulling back of the valve
leaflets), or prolapse (displacement of a leaflet into the left ventricle), with severe
AR occurring in up to 30% of these individuals (Evangelista Masip et al, 2022).

4D flowMRI, particularly when combined with valve tracking techniques, pro-
vides superior quantification of AR and offers higher reproducibility compared to
echocardiography, especially in the presence of eccentric jets (Kammerlander et al,
2019; Myerson et al, 2012). BAV is a leading cause of mixed aortic valve disease
(AR + AS), accounting for up to 50% of patients undergoing valve repair (Unger
et al, 2018). In these cases, unequal transvalvular flow can make traditional quan-
tification methods, such as echocardiography, inadequate for accurate assessment
(Cawley et al, 2009). 4D flow MRI offers a unique approach to this challenge by
enabling the simultaneous quantification of AS and AR using valve tracking in dif-
ferent locations of the aortic root complex, all while adhering to the conservation of
mass principle. Fig. 2 represents a case of bicuspid aortopathy as shown by 4D flow
MRI, with both aortic stenosis and regurgitation demonstrated. Fig. 3 shows a case
of a unicommisural aortopathy, characterised by an eccentric aortic jet associated
with aortic stenosis, as well as severe aortic regurgitation.

Application of 4D Flow MRI in Disease of the
Mitral Valve

Mitral regurgitation (MR) is the most prevalent form of left-sided valvular
heart disease (VHD). MR occurs when the mitral valve does not close properly,
allowing blood to flow backwards from the left ventricle into the left atrium. It is
classified as primary when caused by anatomical abnormalities or direct damage
to the mitral valve itself, such as rheumatic disease or mitral valve prolapse, and
secondary when it results from LV dysfunction or dilatation (enlargement of the left
ventricle). Treatment strategies, either surgical valve repair or intervention, depend
on symptoms, regurgitation severity, LVEF (≤60%), and LV end-diastolic diame-
ter (≥45 mm) (Blanken et al, 2018). Although echocardiography is typically the
initial imaging modality for MR assessment, it can face challenges due to the pres-
ence of multiple or eccentric jets and the complex, mobile, saddle-shaped anatomy
of the mitral valve (Gorecka et al, 2024).

MRI has shown greater accuracy and reproducibility in quantifying MR com-
pared to echocardiography, making it a valuable alternative, particularlywhen transtho-
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Fig. 2. Role of 4D flow MRI in aortic valve disease and aortopathy. (A) In the three-chamber
slice (left atrium, left ventricle, and outflow tract), the position of peak velocity is easily identified
(white circle). Large vortex formation can be seen in the mid-ascending aorta. This produces abnor-
mal wall shear stress on the aortic arch (C). (B) In diastole, regurgitant flow can be seen entering
the left ventricle through the aortic valve. Within the aorta, there is holo-diastolic retrograde flow.
(D) Valve tracking increases the accuracy of measuring aortic regurgitation.

racic echocardiography results are inconclusive (Zoghbi et al, 2017). However,
direct 2D-PC imaging often overestimates transmitral flow due to through-plane
motion (motion of the heart during imaging that affects accuracy) and may produce
inconsistent results with variable mitral regurgitant jets (Fidock et al, 2019). In con-
trast, the indirect 2D-PC method, which calculates MR by subtracting the forward
flow in the ascending aorta from the LV systolic volume, avoids these challenges
and performs better in forecasting mitral valve surgery referrals, post-operative LV
remodelling, and all-cause mortality (Myerson et al, 2016; Penicka et al, 2018).
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Fig. 3. Role of 4D flow MRI in congenital aortic valve disease. Aortic Uni-commisural aortic
valve (A). (B) Three-dimensional streamline demonstrates severe aortic regurgitation with intra-
cardiac vortical flow. The regurgitant jet causes fluttering of the mitral valve (Austin Flint phe-
nomenon).

4D flow MRI has proven to be a feasible and reproducible method for assess-
ing MR, accurately quantifying mitral flow even in patients with atrial fibrillation
and across different scan types or protocols. It supports both direct and indirect
quantification methods (Fidock et al, 2019; Gorecka et al, 2024). Retrospective
valve tracking in 4D flow MRI provides superior accuracy and lower variation in
assessing net forward flow (Juffermans et al, 2021). The indirect 4D flow method
(subtracting 4D flow-derived aortic stroke volume from 4D flow-derived mitral for-
ward flow) demonstrates superior reproducibility compared to 2D-PC methods and
aligns with the precision of invasive transoesophageal echocardiography for MR. A
recent study highlights that flow tracking, rather than valve tracking, provides more
accurate quantification in severe MR, enhancing the evaluation of regurgitant vol-
ume and its differentiation from aortic flow (Blanken et al, 2018). Transthoracic
echocardiography tends to underestimate regurgitant volume in MR while overes-
timating it in mitral valve prolapse (Marsan et al, 2009).

In severe MR secondary to mitral valve prolapse, flow tracking marginally im-
proves agreement on regurgitant volume compared to the 4D flow indirect method.
Additionally, 4D flow MRI-derived regurgitant volume correlates with the extent
of post-operative LV reverse remodelling in primary MR (Gorecka et al, 2024).
The extent of MR quantified by 4D flow MRI is independently associated with
microvascular obstruction in post-reperfused ST-segment elevation myocardial in-
farction, a prognostic factor related to adverse outcomes independently of infarct
size (Assadi et al, 2022).
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4D Flow MRI and its Applications in Pulmonary
Artery Hypertension and Right-Heart Disease

Pulmonary hypertension (PH) is a heterogeneous disease characterised by a
mean pulmonary artery pressure≥20mmHg, asmeasured using right-heart catheter-
isation (RHC), which is considered the gold standard for diagnosis. PH is a signif-
icant global health issue, affecting approximately 1% of the population worldwide.
MRI is recognised as one of the most important tests in PH due to its ability to
provide detailed insights into both cardiac morphology and function, and more re-
cently, pulmonary flow dynamics. Complex flow characteristics can be measured
with 4D flow MRI. These include eccentricity (a measure of flow displacement
from a perfectly circular cross-section), vorticity (local spinning motion of fluid as
it flows along a path), and helicity (a measure of the topological complexity of the
flow field, quantifying the degree of ‘tangling’ of fluid flow lines in space).

In health, pulmonary arterial blood flow is laminar, meaning it flows smoothly
in parallel layers. However, in patients with increased mean pulmonary artery pres-
sure (mPAP), the flow often becomes vortical. This is demonstrated in Fig. 4. The
presence and time-persistence of vortices in the main pulmonary artery are both
diagnostic and prognostic indicators of PH. In the study by Reiter et al (2015), a
strong correlation was found between the percentage of cardiac phases with vortex
formation and mPAP, suggesting that the more frequent the vortex formation, the
higher the mPAP. In another study, the duration of vortex formation had a higher di-
agnostic yield for detecting elevated pulmonary artery pressure than conventional
echocardiographic parameters (i.e., peak systolic tricuspid regurgitation pressure
gradient) (Ramos et al, 2020). The helical component of pulmonary artery blood
flow has also been shown to be deranged in patients with pulmonary hypertension
(Schäfer et al, 2017). These distinct flow characteristics have been linked to cardiac
inefficiency (Wang et al, 2021). While our understanding of the significance of this
is not well developed, future research will offer further insight into the diagnostic
potential of full haemodynamic characterisation.

4D flowMRI also allows for the visualisation of wall shear stress (WSS) within
the pulmonary arteries. WSS is a dynamic frictional force generated by blood flow
along the surface of the vascular wall (Tang et al, 2012), which plays an important
role in vascular wall remodelling. A recent study has shown that low WSS in the
pulmonary arterial trunk is indicative of PH (Terada et al, 2016). Furthermore, re-
search comparing healthy individuals with those having PH has demonstrated that
patients with PH exhibit lower peak systolic velocities, peak flow, stroke volume,
andWSS (Ota et al, 2022). Singh et al (2020) found that right ventricular (RV) flow
measurements provided incremental value over RV ejection fraction for discrimi-
nating adverse RV remodelling and impaired exercise capacity in patients with PH.
This evidence reinforces the potential of 4D flow MRI as a comprehensive tool for
assessing the severity of PH and for monitoring disease progression and therapeutic
response.

In summary, 4D flow MRI can provide complementary diagnostic informa-
tion in the assessment of patients presenting with suspected PH. Future directions
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Fig. 4. Role of 4D flow MRI in pulmonary hypertension (PH). 4D flow MRI pulmonary artery
flow velocity streamline visualisation in a patient without PH (A–C) and a patient with PH (D–F).
In health, systolic flow is laminar (A,B), and there is no reversal of flow during systole (C). In PH,
pulmonary flow is turbulent and vortical (D,E), and there is a notable reversal of flow during systole
(F).

include the need to evaluate the incremental role of 4D flow MRI, in addition to its
role as a tool to monitor therapeutic responses.

Other Applications of 4D Flow MRI
Congenital Heart Disease

The clinical utility of 4D flowMRI in congenital heart disease (CHD) lies in its
ability to provide detailed hemodynamic information, significantly enhancing the
capabilities of traditional imaging modalities. Unlike conventional methods, which
often require multiple scans and may be limited by their two-dimensional perspec-
tive, 4D flowMRI captures a single 3D volume of the heart and blood vessels. This
comprehensive imaging approach allows for faster scans and enables retrospective
analysis, improving both efficiency and accuracy. 4D flow MRI is particularly ef-
fective in visualising intricate flow patterns such as vortices, helices, and shunts
(Rizk, 2021).
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4D flow MRI has progressed our understanding of specific CHD conditions.
For instance, in patients with repaired tetralogy of Fallot, 4D flow MRI can quan-
tify pulmonary regurgitation, evaluate velocity and pressure gradients across the
pulmonary valve, and assess right ventricular size and function (Warmerdam et al,
2022). In cases of aortic coarctation, it characterises the coarcted segment and mea-
sures peak velocity and pressure gradients (Hope et al, 2010). For partial anomalous
pulmonary venous return, it provides detailed anatomical information and quanti-
fies pulmonary and systemic arterial flow, which is essential for calculating the
shunt fraction and evaluating ventricular size and function preoperatively (Christo-
pher et al, 2020).

Atrial Fibrillation Thromboembolic Event Risk
Thromboembolic events in atrial fibrillation (AF) typically originate from thrombi

that form in the left atrium (LA). Understanding the flow dynamics within the left
atrium is key to assessing the risk of thrombus formation and subsequent stroke
risk. A study has shown that certain markers, such as LA peak velocity and vortic-
ity are reproducible, temporally stable, and robust to changes in rhythm and heart
rate. LA blood stasis correlates with higher stroke risk (as estimated using the
CHA2DS2-VASc score (Congestive Heart failure, Age, Atherosclerosis, Diabetes
mellitus, Stroke, Vascular disease, sex)) (Lee et al, 2014). These markers provide
a non-invasive readout of LA hemodynamics that are potentially mechanistically
relevant to thrombus formation and embolic stroke (Spartera et al, 2021).

Intra-Cardiac Energy Profiles
Evaluating intra-cardiac energy profiles is crucial for understanding cardiac

efficiency and dysfunction, especially in heart failure. A study shows that heart
failure patients with mild LV remodelling have impaired inflow kinetic energy
preservation compared to healthy individuals. Additionally, myocardial infarction
reduces average LV kinetic energy throughout the cardiac cycle, indicating altered
energy dynamics in LV dysfunction (Garg et al, 2018). Within this population, 4D
flow can detect subtle changes in cardiac function, even in those with preserved
ejection fraction.

Conclusion
4D flow MRI represents a significant advancement in cardiovascular imag-

ing by providing comprehensive, time-resolved, three-dimensional data of blood
flow during the complete cardiac cycle. This technology enhances diagnostic ac-
curacy for complex flow patterns and offers detailed insights into hemodynamic
parameters such as turbulent kinetic energy, wall shear stress, and vorticity. Future
directions include further refinement of imaging techniques to reduce scan times
and improve accessibility. 4D flow MRI sits alongside traditional methods like
echocardiography and 2D-PC MRI, complementing them with its ability to visu-
alise and quantify complex blood flow dynamics, thereby offering a huge potential
for improving disease detection, risk stratification, and therapeutic monitoring. Its
integration into clinical practice promises to enhance the precision of cardiovascu-
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lar assessments and support more tailored treatment strategies. Continued research
and technological advancements will likely expand its clinical applications, making
it an indispensable tool in modern cardiology.

Key Points
• Unlike echocardiography, which can struggle with complex or eccentric

jets, 4D flow MRI provides detailed three-dimensional visualisation of
blood flow over time, enhancing the assessment of valvular heart disease.

• 4D flow MRI parameters such as turbulent kinetic energy and wall shear
stress offer more precise insights than 2D-PC MRI, which is limited to a
single plane.

• By providing accurate measurements of regurgitant volumes and peak ve-
locities, 4D flow MRI has the potential for more precise diagnosis and
better prediction of patient outcomes compared to traditional methods.
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