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Four-dimensional (4D) flow MRI has emerged as a versatile technique for the three-dimensional evaluation of blood flow dynamics, offering the ability

to visualize flow patterns qualitatively and allow for the retrospective quantification of standard and advanced hemodynamic parameters. Recent advance-
ments in 4D flow MRI technology, including optimized acquisition protocols and improved hemodynamic analysis workflow efficiency, have facilitated its
integration into standard clinical practice, enhancing the accessibility and applicability of this innovative imaging modality. A growing body of studies have
demonstrated its clinical value for monitoring and informing the management of aortic pathologies, cementing its role in modern cardiovascular care. In
this review, the authors provide a concise overview of data acquisition techniques and hemodynamics analysis methods for 4D flow MRI, with a specific
focus on the thoracic aorta. The core of this article explores the clinical applications of aortic 4D flow MRI in patients with aortic valve disease, aortopathy,
coarctation, dissection, connective tissue disorders, and age-related changes. Furthermore, the authors discuss the emerging role of artificial intelligence on

improving 4D flow MRI acquisition and processing efficiencies.
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ime-resolved three-dimensional (3D) phase-contrast MRI,

known as four-dimensional (4D) flow MRI, has emerged as
an important noninvasive imaging technique, offering a com-
prehensive evaluation of cardiovascular 3D blood flow dynam-
ics. By enabling retrospective 3D visualization and quantifica-
tion of blood flow within the heart and adjacent vessels across
the entire cardiac cycle, 4D flow MRI provides important in-
sights into both normal and pathologic cardiovascular function
(1-5). Early applications of 4D flow MRI focused on diseases of
the aorta, including aortic aneurysms, dissections, coarctation
of the aorta (CoA), and bicuspid aortic valve (BAV) (6-12).
4D flow MRI uniquely facilitates the assessment of complex in
vivo 3D hemodynamic parameters involved in pathophysiolog-
ic processes that are difficult to capture with other imaging mo-
dalities. 4D flow MRI-derived measurements of aortic hemo-
dynamics have shown potential to act as imaging biomarkers to
improve diagnostic and prognostic evaluation of aortic diseases.

Doppler echocardiography is widely used in clinical practice
to assess cardiovascular blood flow, providing two-dimensional
(2D) quantification of velocities and pressure gradients with
the aorta (13). Similarly, 2D phase-contrast MRI offers a non-
invasive means to assess aortic blood flow, particularly in deeper
vascular segments that cannot easily be accessed with echocardi-
ography. However, both modalities are limited to 2D unidirec-
tional velocity measurements. In contrast, 4D flow MRI offers
a comprehensive, time-resolved 3D assessment of complex flow
patterns, enabling both qualitative and quantitative analysis. A
meta-analysis of 10 studies demonstrated a stronger correlation
between 4D flow MRI and echocardiography measures than
that observed between 2D phase-contrast MRI and echocardi-
ography, emphasizing its potential clinical value (14). Despite
its advantages, achieving clinically acceptable acquisition and
processing times remains a challenge for 4D flow MRI.

In recent years, the field of 4D flow MRI has witnessed wide
adoption owing to advances in MRI hardware, data acquisition,
and reconstruction techniques, as well as increased availability
of commercially available postprocessing solutions. These de-
velopments have paved the way for the clinical integration of

4D flow sequences into existing standard of care protocols and
adoption at many centers globally (15). This review aims to
provide a concise overview of the clinical applications of 4D
flow MRI in the thoracic aorta. We also highlight future direc-
tions and the potential future impact of artificial intelligence
(AD) on increasing the efficiency of 4D flow MRI techniques
and data analysis workflows. We would like to emphasize that
this article does not provide an exhaustive review of 4D MRI
methods but focuses on the most common applications within
the thoracic aorta. For a more comprehensive exploration of 4D
flow MRI methods and broader application areas, readers are
encouraged to consult other review articles (16-18) and the 4D
flow MRI consensus statements (3,15).

4D flow MRI builds on acquiring data in all three velocity-en-
coding directions (Vx, Vy, and Vz) for a prescribed 3D imaging

volume. Anatomic coverage can range from a focused volume

(eg, aortic acquisition in sagittal oblique orientation) to a full
coronal acquisition of the whole chest. For a typical cardiovas-
cular 4D flow MRI sequence, the heart rate is monitored by an
MRI-compatible electrocardiography to enable either prospec-
tive or retrospective cardiac gating. For each cardiac time frame,
four successive acquisitions are collected: one to capture a ref-
erence (magnitude) scan, and three to acquire velocity-encoded
acquisitions along the x-, y-, and z-directions. Data are acquired
during free breathing with the option to use respiratory gating
methods to minimize respiration artifacts. In addition to heart
rate, the time it takes to acquire 4D flow MRI depends on the
scan parameters selected. For example, achieving higher spa-
tial or temporal resolution requires longer scan times. For 4D
flow application in the thoracic aorta, typical scan parameters
include a spatial resolution of 2.0-2.5 mm?, a temporal reso-
lution of 30-50 msec, a velocity sensitivity (venc) of 150-400
cm/sec depending on expected peak velocities, and a scan time
of 5-10 minutes. Recent advancements, including imaging ac-
celeration with parallel imaging and compressed sensing, have
a high potential to further reduce scan times to 2-5 minutes
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Abbreviations

AAo = ascending aorta, Al = artificial intelligence, AS = aortic ste-
nosis, AVR = aortic valve replacement, BAV = bicuspid aortic valve,
CoA = coarctation of the aorta, FL = false lumen, 4D = four-dimen-
sional, MFS = Marfan syndrome, PWV = pulse wave velocity, TL =
true lumen, 3D = three-dimensional, 2D = two-dimensional, WSS =
wall shear stress

Summary

This review highlights selected applications and future directions of
four-dimensional flow MRI in the thoracic aorta.

Essenfials

= Four-dimensional (4D) flow MRI facilitates comprehensive evalua-
tion of thoracic aortic three-dimensional blood flow dynamics, pro-
viding both quantitative and qualitative three-dimensional insights.

= 4D flow MRI can be employed to quantify advanced hemodynam-
ic parameters such wall shear stress, kinetic energy, and pulse wave
velocity, which have shown promise in risk assessment and prog-
nostic planning for aortic pathologies.

= Clinical studies have demonstrated the diagnostic utility of 4D flow
MRI in evaluating aortic valve disease, aortopathy, coarctation, dis-
section, connective tissue disorders, and age-related changes.

= Ongoing advancements continue to facilitate the incorporation of
4D flow MRI into routing clinical workflows.
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(19,20). For an in-depth review and recommendations for clin-
ical applications of 4D flow MRI, the reader is referred to con-
sensus statements that have been published on this technique
with details of the acquisition and analysis approach (3,15).

4D flow MRI data acquisition results in a large series (3000—
10000) of time-resolved anatomic (magnitude) and three-di-
rectional flow (Vx, Vy, and Vz) images. As a result, data post-
processing is required, which enables retrospective visualization
and quantification of blood flow parameters at any location or
region in the aorta. As shown in Figure 1, this capability pro-
vides an advantage over 2D phase-contrast imaging, in which
measurements are restricted to preselected planes determined
by the MRI technician during scan acquisition. With 4D flow
MR, standard flow metrics such as peak velocity, net flow, and
regurgitant fraction can be quantified simultaneously at multi-
ple locations (Fig 1C). 3D visualization of 4D flow MRI data
can be performed using approaches such as velocity maximum
intensity projections and particle trace streamlines or pathlines.
Maximum intensity projections are used to show intuitive maps
of the velocity distribution (see Figs 4, 5) while streamlines and
pathlines further depict the flow patterns in three dimensions
and over time for detailed assessment of aortic flow patterns,
including flow jets and vortical flow—features not detectable
with 2D imaging (see Fig 1B).

Beyond standard flow measures, such as net flow, forward
flow, reverse flow, regurgitant fraction, and peak velocity, 4D
flow MRI facilitates the derivation of advanced hemodynamic
parameters, including but not limited to wall shear stress
(WSS), pulse wave velocity (PWV), turbulent kinetic energy,

Radiology: Cardiothoracic Imaging Volume 7: Number 5—-2025 = rctirsna.org

viscous energy loss, pressure gradients, helicity, and vorticity. A
summary of these advanced hemodynamics metrics is provided
in Table 1. Advanced parameters from 4D flow MRI require
additional analysis and are an ongoing area of research. Several
candidates have emerged as promising measures for clinical ap-

plication, as highlighted below.

{D Flow MRI Thoracic Aorta Applicaii

Over the past decade, 4D flow MRI has become more widely
available by all main manufacturers of MRI scanners. In addi-
tion, 4D flow MRI analysis tools are now commercially avail-
able. This has led to an increased use of this technique both for
research studies and in clinical practice. The aim of this section
is to present a nonexhaustive review of selected 4D flow MRI
applications in the thoracic aorta. Table 2 summarizes key stud-
ies and references regarding the applications of 4D flow MRI
in aortic valve disease and aortopathy, aortic dissection, CoA,
connective tissue disease, and aging.

Aortic Valve Disease and Aortopathy
4D flow MRI has emerged as a valuable tool for assessing the

aortic valve, offering comprehensive, 3D, and time-resolved
insights into hemodynamics. Unlike echocardiography and
2D phase-contrast imaging, which typically provide single-di-
rectional flow data, 4D flow MRI captures multidirectional
flow dynamics. This capability enables precise retrospective
velocity measurements and detailed characterization of blood
flow patterns, which are critical for risk assessment and prog-
nostic planning.

BAV is the most congenital aortic valve abnormality, af-
fecting 1%-2% of the U.S. population, and is strongly asso-
ciated with increased risk of ascending aorta (AAo) dilatation,
aneurysm, and dissection. Research using 4D flow MRI has
provided significant insights into the pathophysiologic mecha-
nisms underlying aortopathy in patients with BAV. Early stud-
ies demonstrated abnormal flow patterns, including elevated
WSS, which is implicated in vascular remodeling (10,11,42).
Later studies confirmed that patients with BAV exhibit altered
flow patterns and significantly higher peak velocities and WSS
compared with age- and sex-matched controls (43,44). Figure
2 provides an example comparing a normal control tricuspid
aortic valve with a patient with BAV and associated aortic ste-
nosis (AS) and dilatation. The example clearly shows marked
flow jets at the right anterior aortic wall indicating high aor-
tic shear stress with associated abnormal vortical flow patterns
compared with the control. Valve morphology and fusion type
have also been shown to contribute to the heterogeneity of flow
patterns, WSS distributions, and expression of aortopathy in
BAV (10,45). Rodriguez-Palomares et al (46) showed that right-
left BAV morphology is associated with higher axial WSS at the
aortic root whereas right-left morphology has higher circum-
ferential WSS in mid and distal AAo. Further, Dux-Santoy et
al (47) showed that right-noncoronary fusion type is associated
with AAo dilatation. These findings underscore the udility of
4D flow MRI in differentiating patterns of aortopathy in pa-
tients with BAV.

4D flow MRI is particularly useful in studying AS because

it allows for precise adaptation of the valve analysis plane across
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Standard two-dimensional (ZD) flow imaging and four-dimensional (4D) flow MRI in a patient with bicuspid aortic valve disease and

aortic valve stenosis. (A) Standard 2D flow imaging at the level of the aortic valve (through-plane velocity encoding) and in the left ventricular out
flow tract (LVOT, in-plane velocity encoding) shows high systolic velocities and velocity aliasing distal to the narrowed aorfic valve (yellow arrows).
(B) Aortic 4D flow MRI can provide additional information over 2D flow imaging, including the three-dimensional (3D) blood flow visualization of
aortic flow patterns such as a marked systolic valve flow jet (white arrows) and pronounced vortex flow in the distal ascending aorta (AAo). (€) 4D
flow MRI allows for retrospective quantification of aortic velocities and flow using 2D analysis planes at any location along the aorta whereas 2D
flow analysis is limited to the location that was selected by the MRI technologist during the MRI examination. DAo = descending aorta, LV = left ven-

tricle, PC = phase confrast.

the cardiac cycle, accommodating valve motion. AS has been
linked to higher pressure gradients compared with healthy con-
trols, with the greatest pressure drops observed in the descending
aorta in patients with moderate to severe AS (48). Studies have
also demonstrated elevated WSS in patients with AS, with the
degree of elevation correlating with AS severity (11,49). Notably,
elevated WSS has been associated with elastic fiber thinning of
the aorta medial wall, highlighting the role of hemodynamics in
the development of aortic wall degeneration and aortopathy (50).
These findings emphasize the utility of 4D flow MRI in detecting
hemodynamic changes and their pathologic consequences.
Aortic aneurysms are often asymptomatic, with over 95% of
thoracic aneurysms remaining silent until catastrophic events like
rupture or dissection occur (51). Current monitoring approaches
rely primarily on aortic diameter measurements to track disease
progression (52). However, diameter alone is an imprecise predic-
tor because aneurysm rupture or dissection can occur even within
a normal range. 4D flow MRI provides enhanced insights into
aortic physiology, combining qualitative assessments (eg, helic-
ity, vorticity) with quantitative metrics (eg, peak velocity, WSS,
oscillatory shear index) that extend beyond simple diameter eval-
uation. Abnormal blood flow, such as vortex formation, has been
significantly correlated with increasing AAo diameter. Addition-
ally, reduced systolic WSS and elevated oscillatory shear index
are strongly associated with aortic dilatation (53). Similarly, in-
frarenal aneurysms exhibit disturbed flow patterns characterized
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by reduced WSS and elevated oscillatory shear index, which may
contribute to aneurysm progression (54).

The development of WSS heat maps has further advanced the
evaluation of aortic pathologies. These maps quantify areas of ele-
vated or reduced (outside 95% Cls of normal values) WSS com-
pared with normal population averages, accounting for age and sex
differences (55,56). Guzzardi et al (57) showed significant associa-
tions between elevated WSS areas (>95% of normal values), aorta
wall extracellular matrix degradation, and elastic fiber degradation
on histopathology in patients with BAV. Figure 3A highlights these
associations between areas of elevated WSS on heat maps and ex-
tracellular matrix remodeling. Kiema et al (58) also showed the
relationship between increased WSS and medial degeneration.
Soulat et al (59) used WSS heat maps to follow patients with BAV
over more than 5 years to monitor progressive aortic dilatation (Fig
3B). The study showed that areas of elevated WSS significantly
correlated with higher rates of aortic dilatation compared with age-
and sex-matched controls. It is noteworthy that these findings have
been verified independently by two other groups, providing strong
evidence that hemodynamics assessment by 4D flow has a high
potential to contribute to improved management of patients with
aortic valve disease and aortopathy (60,61).

Aortic Dissection

Aortic dissection is a life-threatening condition characterized
by an intimal tear in the aorta, resulting in the formation of a
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Table 1: Standard and Advanced 4D Flow MRI Hemodynamic Measures
Hemodynamic Measure Description Reference
Standard measures

Peak velocity (m/sec) Highest speed of blood flow measured within a particular region or vessel over a given time  (21,22)
period (eg, systole).

Net flow (mL/min) The total flow (sum of forward and reverse flow) through the vessel. (23-25)

Peak flow (mL/sec) Maximum volume of blood passing through a region over a given time period (eg, systole).  (23,24)

Regurgitant fraction (%) Proportion of blood flow backward relative to the forward flow. (26,27)

Advanced measures

WSS (Pa) Shear forces of blood acting tangentially on the vessel wall. WSS is a biomarker for endo- (28,29)
thelial dysfunction and vessel remodeling attributed to aberrant blood flow. WSS can be
reported as absolute numbers (eg, systolic WSS magnitude) or decomposed into axial
and circumferential components.

PWV (m/sec) Propagation speed of blood pressure pulse through vessels. PWV is an indicator of vessel (30,31)
wall elasticity and stiffness.

TKE (J) Energy dissipation associated with turbulent blood flow. TKE can be an indicator of blood  (32,33)
flow efficiency.

Viscous energy loss (J) Energy lost due to viscous friction of different layers of blood flow (34,35)

Pressure gradient (mm Hg)  Pressure changes across a valve or aortic region. The gradient is an indicator of stenosis (36,37)
severity whether across the aortic valve or coarctation.

Helicity (m/sec?) Corkscrew forward motion of blood along the vessel. Helicity provides information of the ~ (38,39)
complex blood flow patterns that may impact vessel wall function.

Vorticity (1/sec) Local spinning of blood flow creating a swirl within the flow. Vorticity can be used to grade  (40,41)
complex blood flow derangements in conditions such as aneurysm, aortic valve stenosis,
or coarctation.

Note.—4D = four-dimensional, PWV = pulse wave velocity, TKE = turbulent kinetic energy, WSS = wall shear stress.

true lumen (TL) and a false lumen (FL) within the vessel wall.
Traditionally, aortic diameter has been the primary parameter
for risk stratification and guiding the timing of interventions.
However, 4D flow MRI can provide additional hemodynamic
insights that complement anatomic data, enhancing the accu-
racy of patient risk assessment. Notably, 4D flow MRI enables
clear differentiation between the TL and FL (62) and offers
valuable insights into interactions between the TL and FL, in-
cluding metrics such as relative pressure and the FL ejection
fraction (the ratio of blood exiting the FL to that in the TL
during diastole). These parameters have been identified as sig-
nificant predictors of aortic growth rate (63,64). Moreover, 4D
flow MRI can identify hemodynamically active fenestrations,
which may predispose the aorta to rupture or further dilatation
(65). Figure 4 illustrates a 4D flow MRI-derived systolic ve-
locity maximum intensity projection, clearly depicting discrete
fenestrations between the TL and FL in a patient with aortic
dissection. Takahashi et al (66) linked specific FL blood flow
characteristics, such as nonlaminar flow driven by high velocity
and volume, to an elevated risk of complications, emphasizing
the impact of 4D flow data on patient outcomes.

Additionally, 4D flow MRI-derived quantification of flow
energetics in the TL and FL have been associated with adverse
outcomes. Chu et al (67) demonstrated that the FL/TL kinetic
energy ratio could predict aortic growth, with adverse outcomes
correlating with lower FL reverse flow, increased FL stasis, and
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reduced TL kinetic energy, forward flow, and peak velocity. Jarvis
et al (68) analyzed aortic flow patterns in patients with repaired
type A dissections and those with medically managed descend-
ing aorta dissections. Their findings revealed that patients with
repaired type A dissection exhibited elevated TL reverse flow and
kinetic energy compared with controls and higher TL and FL
kinetic energy with lower FL stasis compared with patients with
descending aorta dissection.

These findings highlight the potential of 4D flow MRI as a
transformative tool for risk assessment and prognostic planning
in the management of aortic dissection. By integrating hemody-
namic and anatomic data, 4D flow MRI could enhance clinical
decision-making and support personalized treatment strategies.

Aortic Coarctation

CoA is a condition characterized by narrowing of the aortic lu-
men, typically congenital but occasionally acquired. Its man-
agement traditionally relies on invasive catheterization to assess
systolic pressure gradients. Recent advances have demonstrated
the potential of 4D flow MRI as a noninvasive alternative for
evaluating flow changes and pressure gradients in CoA. Saitta
et al (69) validated 4D flow—derived pressure fields against pa-
tient-specific fluid—structure interaction models, demonstrating
strong concordance between MRI-derived data and computa-
tional simulations. Accurate pressure measurement is vital for
monitoring disease progression in CoA, and Riesenkampff et
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Table 2: Literature on 4D Flow MRI-derived Flow Measures in Aortic Valve Disease and Aortopathy, Aortic Dissection,
CoA, Connective Tissue Disease, and Aging

No. of
Literature Participants Key Finding

Aortic valve disease
and aortopathy

Meierhofer et al (43) 18 Patients with BAV with no valve or vessel disease have higher WSS in the AAo than age- and sex-
matched controls.

Mahadevia et al (10) 75 Type and morphology of BAV leaflets are associated with abnormal flow patterns, changes in WSS
distribution, and aortopathy phenotype.

Rodriguez-Palomares 131 Right-left BAV morphology is associated with higher axial WSS at the aortic root whereas
et al (46) right-noncoronary has a higher circumferential WSS in mid and distal AAo.

Fatehi Hassanabad et 43 Patients with BAV have higher pressure drops than healthy controls. Moderate to severe stenosis is
al (48) associated with higher pressure drops at the descending segments.

Bollache et al (50) 47 Increased WSS is associated with elastic fiber thinning in patients with BAV.

Takehara et al (54) 18 Infrarenal aortic aneurysms exhibit disturbed flow patterns, with dilated regions displaying lower
WSS and higher oscillatory shear index.

Kiema et al (58) 32 Aortic regions with increased WSS are associated with medial degeneration and thinning.

Guala et al (60) 47 Circumferential WSS is positively correlated with AAo growth rates in patients with BAV.

Shan et al (120) 65 AS or insufficiency results in elevated WSS and flow eccentricity.

Shan et al (122) 140 Severe AS exacerbates aortic flow aberrations in patients with BAV.

Dissection

Burris et al (64) 18 FL ejection fraction is an independent predictor of aortic growth rate after adjusting for covariates
(B =.15, P = .004).

Takahashi et al (66) 33 High-volume turbulent flow in the FL is associated with increased risk of late complications (rup-
ture or intervention).

(Table 2 continues)
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Table 2 (continued): Literature on 4D Flow MRI-derived Flow Measures in Aortic Valve Disease and Aortopathy, Aortic
Dissection, CoA, Connective Tissue Disease, and Aging

No. of
Literature Participants Key Finding
Jarvis et al (68) 55 Patients with repaired type A aortic dissection have elevated TL-RF and TL-KE compared with con-

trols and higher TL and FL KE and lower FL-stasis compared with patients with DAo dissection.

Engel etal (125) 32 Longitudinal TL and FL hemodynamic changes are associated with aortic growth rates in patients
with type B aortic dissection.

Riesenkampff et al 13 4D flow MRI-derived pressure fields have excellent correlation and agreement (r = 0.86-0.97) with
(70) invasive catheterization at five aortic locations.

Soulat et al (72) 15 Increased bascline PV at the CoA site is associated with progressive narrowing after repair (r =
-0.64; P=.010).

Rengier et al (127) 26 Pressure difference amplitudes and spatial pressure range at mid systole are significantly increased
in patients with repaired CoA compared with volunteers in the arch, proximal DAo, and the distal
DAo.

Geiger et al (73) 36 Patients with MFS had lower peak systolic velocities, decreased net flow per cycle, and higher cir-
cumferential WSS compared with controls.

Guala et al (75) 234 Patients with MFS have increased PWV compared with participants with TAV.

Kroner et al (77) 47 Regional PWV is significantly increased in patients with MFS compared with healthy volunteers.
PWYV has moderate to high specificity for predicting absence of regional aortic luminal growth.

Geiger et al (128) 29 Patients with MFS have lower WSS and increased localized aberrant vortex/helix flow patterns at
the inner proximal DAo segment, which correlates with enlarged diameter at critical sites for aortic
dissection.

Callaghan and Grieve 224 WSS decreases significantly with age.
(79)

Wu et al (81) 82 Aortic peak velocities decrease with age in adults.

Jarvis et al (83) 99 PWYV increases with age, by approximately 1 m/sec per decade. Increased PWV was associated with
a decline in cardiac function and reduced aortic blood flow velocity.

Ha et al (86) 42 Turbulent blood flow develops in the aorta of healthy participants and is impacted by age-related

geometric changes.

(Table 2 continues)
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Dissection, CoA, Connective Tissue Disease, and Aging

Table 2 (continued): Literature on 4D Flow MRI-derived Flow Measures in Aortic Valve Disease and Aortopathy, Aortic

No. of

Literature Participants Key Finding

Other applications

Zhang et al (89) 52
sensitivity of 86.67%.

Righini et al (94) 10
Cosset et al (95) 7

Katahashi et al (97) 155
Lenz et al (98) 20

Keller et al (99) 20
Bissell et al (100) 90

Kamada et al (101) 10
after AVR.

Bollache et al (102) 33

ly.
Semaan et al (103) 23
Collins et al (104) 37

Farag et al (105) 24

matched controls.

PWV >6.4 m/sec could detect patients with active Takayasu disease with an AUC of 0.732 and a

4D flow MRI can detect velocity, WSS, and blood flow pattern alterations in patients after TEVAR.

In patients after TEVAR, FF increased by 21% within the TL and decreased by 13% in the FL. RF
increased by 6% in the TL and decreased by 6% in the FL.

4D flow MRI analysis of type 2 endoleak vessels could predict sac expansion with a sensitivity of
85.7% and a specificity of 76.2%.

Patients exhibit significant reduction in aortic valve regurgitation, PV, vertical flow, helical flow, flow
displacement, and WSS after aortic valve repair.

Aortic root replacement reduces aberrant aortic hemodynamics and flow patterns.
Blood flow patterns normalize and WSS decreases after AVR or Ross procedure.

Aortic volume flow rate increases with a decrease in flow complexity proximal to the arch branches
WSS decreased after AVR in at-risk regions. WSS distal to aortic root graft increased postoperative-

Blood flow eccentricity and helicity decreased after aortic root replacement.

Valve-sparing aortic root replacement resulted in improved hemodynamic outcomes compared with
replacement with bioprosthetic valves.

WSS and PV are higher in patients following transcatheter AVR compared with age- and sex-

shear stress.

Note.—AAo = ascending aorta, AR = aortic regurgitation, AS = aortic stenosis, AUC = area under the receiver operating characteristic curve,
AVR = aortic valve replacement, BAV = bicuspid aortic valve, CoA = coarctation of the aorta, DAo = descending aorta, FF = forward flow,
FL = false lumen, 4D = four-dimensional, KE = kinetic energy, MES = Marfan syndrome, OR = odds ratio, PV = peak velocity, PWV = pulse
wave velocity, RF = reverse flow, TAV = tricuspid aortic valve, TEVAR = thoracic endovascular aortic repair, TL = true lumen, WSS = wall

al (70) found significant correlations (r = 0.86-0.97) between
4D flow MRI-derived pressure fields and catheter-based mea-
surements across five aortic sites, underscoring its potential to
replace invasive methods for follow-up in patients with CoA.

4D flow MRI has also proven valuable in assessing CoA fol-
lowing surgical repair. Hope et al (71) showed that successful re-
pair restored normal blood flow velocity profiles. Furthermore, 4D
flow MRI identified patients at a higher risk of recoarctation. For
instance, a longitudinal study by Soulat et al (72) revealed a correla-
tion between peak velocity and reduced aortic diameter at the for-
mer coarctation site, suggesting a predisposition for renarrowing.

Additionally, 4D flow MRI-derived pathlines and stream-
lines provide a deeper understanding of coarctation severity
and abnormal flow patterns, offering insights into disease pro-
gression and individual risk. Figure 5 illustrates aortic hemo-
dynamics in a 60-year-old female patient with CoA. 3D flow
visualization reveals areas of high velocity at the coarctation
site, followed by complex and helical flow distal to the stenosis.
Although 3D flow visualization with pathlines and streamlines
may be subject to interobserver variability due to their quali-
tative nature, quantitative metrics such as vorticity, turbulent
kinetic energy, and viscous energy loss can offer more objective
and reproducible assessments.
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Connective Tissue Disorders of the Aorta

Aortic dilatation, particularly at the root, is a common feature
in patients with connective tissue disorders such as Marfan syn-
drome (MFS), posing a high risk for serious complications such
as aortic dissection or rupture. Studies have demonstrated al-
tered flow patterns and hemodynamics in patients with MFES,
including lower peak velocities, reduced net flow per cardiac
cycle, and abnormal WSS distribution compared with healthy
controls (73,74). Notably, circumferential WSS—associated
with aortic growth rates—has been shown to be elevated in pa-
tients with MES relative to controls (73).

van der Palen et al (74) identified localized helical flow in the
AAo of pediatric patients with MES, which correlated with dila-
tation of the sinus of Valsalva. These patients also exhibited seg-
mental variations in WSS, with increased WSS in the distal AAo
and reduced WSS in the proximal AAo and proximal descending
aorta—regions commonly predisposed to aneurysmal dissection
or rupture in MFS.

The abnormal connective tissue in MES contributes to reduced
aortic distensibility, reflected in elevated PWV compared with
controls with tricuspid aortic valves (75-78). Kroner et al (77)
demonstrated that PWV has moderate to high specificity (78%)

for predicting the absence of regional aortic luminal growth,
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energy in various aortic regions (p = +0.45
to +0.72, P < .05). Similarly, Ha et al (86)
demonstrated a relationship between age-re-
lated morphologic changes and the develop-
ment of turbulent blood flow in the AAo.
Older individuals exhibited increased tur-
bulent kinetic energy in the AAo, which was
associated with age-related aortic dilatation.
These findings underscore the potential of 4D
flow MRI for the early detection of age-re-
lated aortic hemodynamic changes for timely
preventative interventions.

Other Applications

The utility of 4D flow MRI in the thoracic
aorta extends beyond previously discussed
applications, offering comprehensive hemo-
dynamic assessment across various aortic pa-
thologies. This imaging modality has shown
to provide diagnostic value in assessing in-
flammatory aortic diseases, including Behget
disease, giant cell arteritis, Takayasu arteritis,

Figure 2:

cending corta, DAo = descending aorta.

potentially aiding in risk stratification. However, although PWV
may help rule out aortic growth, Leidenberger et al (78) showed
that pressure gradients in the AAo positively correlate with aortic
growth rates, highlighting their prognostic value.

These findings illustrate the utility of 4D flow MRI in de-
tecting early abnormal hemodynamics in high-risk patients. By
providing detailed insights into flow and aortic mechanics, this
technique has potential to support more precise management
strategies and prognostic planning for patients with MFS.

Age-related Changes in Aortic Hemodynamics

4D flow MRI is a valuable tool for tracking hemodynamic
changes associated with aging. Multiple studies have demon-
strated age-related decreases in WSS and aortic velocities
(79-82). Ebel et al (82) reported a decline in the maximum
forward velocity of helices with age and also found no signif-
icant association between sex and WSS, helical flow, or flow
jets. Jarvis et al (83) investigated PWV in the thoracic aorta
across adulthood, noting a consistent increase of approximately
1 m/sec per decade. This progression enabled the classification
of adulthood into three distinct stages, each characterized by
significantly different PWV values. A similar age-PWV trend
was also observed whether aorta-targeted or whole-heart 4D
flow MRI scans were used (84). Aging has also been linked to
changes in blood flow patterns and aortic geometry. Dyverfeldt
et al (85) observed increased aortic tortuosity with age, which
was correlated with elevated helicity. Furthermore, helicity was

Radiology: Cardiothoracic Imaging Volume 7: Number 5—-2025 = rctirsna.org

Images show four-dimensional (4D) flow MRI-derived systolic three-dimensional (3D) blood
flow patterns in (A) a healthy participant with a fricuspid aortic valve (TAV) compared with (B) a patient
with a bicuspid aorfic valve (BAV) with aortic dilatation. For BAV, a marked flow jet (yellow arrow) impacts
the right anterior aorta wall, indicating aortic regions exposed to elevated wall shear stress and at risk for
aortic remodeling. Additional vortex flow is frequently observed in these patients (white arrow). AAo = as-

and IgG4-related disease. These conditions
compromise the aortic medial layer, leading
to wall thickening, reduced elasticity, steno-
sis, and aneurysm formation (87). By provid-
ing hemodynamic information on velocity,
WSS, and PWV, 4D flow MRI facilitated the
identification of regions affected by aorta wall
thickening, dilatation, or ulceration. Alvarez
Vizquez et al (88) demonstrated its utility in qualitative and
quantitative blood flow assessment in a patient with Takayasu
arteritis. They used 4D flow MRI data to detect active aortic
regurgitation and simultaneously assess for anomalous flows
like interventricular communication. Zhang et al (89) further
reported the potential role of PWV as an indicator of active
aortic inflammatory process in patients with Takayasu disease.
They showed that PWV was elevated in patients with active
Takayasu disease compared with those with inactive disease
(in remission). They also identified a diagnostic cutoff of PWV
of 6.4 m/sec above which patients are deemed to have active
Takayasu disease (area under receiver operating characteristic
curve: 0.732, sensitivity: 86.67%). Because early detection of
active inflammatory processes in Takayasu disease is crucial for
management and prognosis, 4D flow provides a significant ad-
vantage over brachial-ankle and carotid-femoral PWYV, which
may be unreliable in patients with stenotic or occlusive periph-
eral artery disease.

Beyond inflammatory conditions, 4D flow MRI has been
applied in the postoperative surveillance following thoracic en-
dovascular aortic repair, in which long-term monitoring for com-
plications such as endoleaks and stent migration is essential (90).
Hope etal (91) first proposed its use in assessing type 1 endoleaks,
and subsequent studies confirmed that stent grafts do not ob-
struct flow measurements after thoracic endovascular aortic repair
(92,93). A pilot study in 10 patients revealed postoperative alter-
ations in aortic WSS and flow patterns, with vortical and helical
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Figure 3:

(A) Histopathologic images show wall shear stress (WSS)-mediated tissue dysfunction in bicuspid aortic valve (BAV). In paired

aorfic wall samples (elevated vs normal WSS on heat maps), regions of increased WSS show greater medial elastin degradation compared
with areas with normal WSS: decreased total elastin (P=".01) with thinner fibers (P < .001). (B) Four-dimensional (4D) flow MRI-based WSS
assessment in two patients with BAV disease. WSS heat maps show regions of elevated WSS (red) compared with age- and sex-matched

control populations, demonstrating that elevated WSS in the ascending aorta is associated with progressive aortic dilatation. AAo = ascending

aorta, DAo = descending aorta.

flow changes observed after thoracic endovascular aortic repair
(94). Cosset et al (95) quantified flow redistribution, reporting a
21% increase in forward flow within the TL and a 13% decrease
in the FL, along with corresponding reverse flow changes of +6%
in the TL and -6% in the FL. Additionally, Sakata et al (96)
demonstrated that 4D flow MRI was more sensitive than CT
angiography in detecting type 2 endoleaks and provided further
subclassification. Notably, 4D flow MRI has also been shown to
predict sac expansion after endovascular repair, with a sensitivity
of 85.7% and specificity of 76.2% (97).

4D flow MRI provides detailed perioperative hemodynamic
analysis following aortic valve replacement (AVR) and repair,
offering insights into pre- and postinterventional flow patterns,
pressure gradients, and WSS dynamics. Lenz et al (98) reported
that after aortic valve repair, patients exhibit reductions in aortic
regurgitation, peak systolic velocity, WSS, vortical flow, helical
flow, and flow displacement. In addition, helical and vortical flow
abnormalities normalized after AVR, resembling healthy volunteer
flow patterns. Although transvalvular pressure gradients remained
elevated compared with healthy individuals, a postinterventional

Radiology: Cardiothoracic Imaging Volume 7: Number 5—-2025 =
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decrease was observed (99). Bissell et al (100) showed that flow
abnormalities in patients with BAV improved following mechan-
ical AVR or Ross procedures, with significant reductions for in-
plane WSS. Additional studies demonstrated reduced post-AVR
WSS in the AAo, decreased flow complexity, and increased total
flow volume, particularly in the AAo and its branches (101,102).
For valve-sparing aortic root repair, postoperative normalization
of flow eccentricity, reduced AAo helicity, and lower aortic root
velocity have been reported (103,104), although WSS may in-
crease in regions distal to the graft (102). WSS and peak velocity
have been shown to be higher in patients following transcatheter
AVR compared with age- and sex-matched controls (105). In ad-
dition, 4D flow accurately quantified paravalvular regurgitation
in patients with transcatheter AVR with comparable results to
2D flow acquisition (106). Figure 6 illustrates pre- and postinter-
ventional peak velocity maximum intensity projections and WSS
vector fields maps in a 52-year-old male patient who underwent
aortic valve repair with aortic root replacement. The effect of in-
tervention on aortic hemodynamics can clearly be appreciated by
a marked reduction in postsurgical AAo peak velocity (2.52 m/

9
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Figure 4: (A) CT angiogram (CTA), (B) oblique sagittal four-dimensional (4D) flow MRI velocity maximum intensity projection (MIP) image
overlaid on magnitude images, and (€) contrast-enhanced MR angiogram (MRA) show the thoracic aorta. CTA and MRA depict dissection anat-
omy but both were limited by blurring artifact related to pulsatile flap motion. The 4D flow velocity MIP image reveals four discrete fenestrations from
their associated flow jets info the false lumen during systole (white arrows). Yellow arrows indicate the true lumen. AAo = ascending aorta, Arch =
aortic arch, DAo = descending aorta, FL = false lumen. (Reprinted, with permission, from reference 65.)

A 3D PC-MRA B 3D blood flow visualization C Aorta velocity MIP

W coarctation

velocity [m/s]

Aﬁ“

systolic
3D PC-MRA MIP L streamlines

Figure 5:  Aoriic four-dimensional (4D) flow MRI'in a 60-year-old female patient after repair for aortic coarctation and restenosis illustrates the compre-
hensive anatomic and hemodynamic information that can be derived from a single 4D flow MRI. (A) 4D flow—derived three-dimensional (3D) phase-con-
trast (PC) MR angiogram (MRA) data show aortic anatomy. (B) Systolic streamlines illustrate 3D flow patterns, including high flow velocities at and distal to
the coarctation. (€) Peak systolic velocity maximum intensity projection (MIP) provides intuitive maps of the velocity distribution across the aorta and can be

used to identify abnormal flow patterns such a regional of marked flow acceleration. Further, velocity MIPs can guide the optimal placement of two-dimen-
sional analysis planes, as in this case to measure peak velocity at the coarctation. AAo = ascending aorta, DAo = descending aorta, PA = pulmonary artery.

sec vs 1.91 m/sec), pressure gradient (12 mm Hg vs 8 mm Hg), These findings highlight the role of 4D flow MRI as a noninva-
and regurgitation fraction (52% vs 18%). Similarly, mean and  sive imaging tool for disease surveillance, diagnosis, and prognosis
maximum WSS decreased with apparent visible changes on the in patients with thoracic aortic pathology. By integrating blood
WSS vector fields. flow assessment into clinical and postoperative management,
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Figure 7 demonstrates an example of the Al-driven
analysis providing accurate aortic segmentations,
Velocity
[m/s]

1.5 quantifications compared with manual derived

aortic diameter measurements, and blood flow

estimates. They further developed a convolutional
neural network that effectively corrects velocity
aliasing in 4D flow MRI, outperforming conven-
tional algorithms in speed and accuracy in detect-

ing aliased voxels (108). Bustamante et al (109)

created a convolutional neural network for auto-

matic time-resolved segmentation of major arteries

in 4D flow MRI, achieving an average Dice score of

0.91 and strong to excellent agreement in hemody-
0 namic comparisons with atlas-based segmentation.
Similarly, one study used a dense encoder—decoder
network (Dense-U-Net) to automatically segment
WSS [Pa) the aorta from 4D flow MRI magnitude data,
15 achieving better performance than atlas-based seg-
mentation model (110). Physics-informed neural
networks have been shown to be effective for post-
processing 4D flow measurements in an in vitro
axis-symmetric stenosis (111). The neural network
enabled displacement error correction, data denois-
ing, and identifying unknown quantities. Ericsson
et al (112) used ensemble learning to accurately
predict high-resolution velocities from low-resolu-
tion input data in silico. This approach enabled the

D/ generation of superresolution 4D flow MRI data

from downsampled in vivo data (112). Levilly et

Figure 6:

illustrates hemodynamic changes postoperatively. Peak velocity maximal infensity projections (MIPs)
and wall shear stress (WSS) vector fields are illustrated. Evident decrease was observed in ascend-
ing aorta (AAo) peak velocity, pressure gradient, and regurgitation fraction (RF). Similarly, mean

and maximum WSS decreased postoperatively.

clinicians can enhance risk stratification, optimize prognostic
planning, and improve patient outcomes.

Euture Directions and the Impact of Al

In the past years, advancements have been made to enhance 4D
flow MRI by leveraging deep learning and Al These innovations
aim to address various challenges across postprocessing, recon-
struction, and acquisition stages.

Although 4D flow data analysis workflow has undergone
substantial improvements, including commercially available

software solutions by multiple vendors, manual interaction
with the data is often still needed. More recently, new deep
learning analysis methods have been introduced that have a
high potential to further simplify and accelerate analysis work-
flows. Several studies have demonstrated the efficacy of deep
learning in automating and improving the analysis of aortic
4D flow MRI. For instance, Berhane et al (107) used over 1000
4D flow MRI datasets to automate the 3D segmentation of
the thoracic aorta, achieving a median Dice score of over 0.95.
Their method exhibited excellent agreement in net flow, peak
flow, and peak velocity compared with manual segmentation.
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Aortic four-dimensional (4D) flow MRl in a 52-year-old male patient with bicuspid
aortic valve (A) before and (B) after cortic valve repair and valve-sparing aortic root replacement

al (113) also used deep learning to develop a Seg-
mentation-Free Super-Resolution algorithm able
to efficiently compute superresolved velocity vec-
tors from 4D flow MRI data within 10 minutes.
The algorithm incorporated Navier-Stokes equa-
tions and velocity smoothing constraints to ensure
realistic, reliable, and segmentation-free approach
(113). Callmer et al (114) implemented a residual
network (redesigned 4DFlowNet) to generate temporal super-
resolution 4D flow MRI. The network synthesized high-reso-
lution temporal information from unseen in silico and in vivo
data. Strong correlation was observed for in vivo data at peak
flow frames. This enabled high frame rate flow quantification
from low temporal resolution data, allowing acquisition times
beyond clinically acceptable limits (114). Finally, Berhane et al
(115) developed a robust fluid physics—informed cycle gener-
ative adversarial network that can derive systolic aortic hemo-
dynamics from anatomic input in under 1 second without any
boundary conditions. The network was trained on 1765 4D
flow MRI datasets including patients with BAV and tricuspid
aortic valve. 3D aortic segmentations served as the only in-
put to derive peak systolic velocities. The deep learning model
achieved strong agreement between Al and standard 4D flow
MRI peak velocities (7 = 0.930-0.957, P < .001), WSS (mean
percentage difference = 6.2%-8.5%), and aortic valve stenosis
severity classification (85.8% accuracy and k = 0.8). The net-
work demonstrated the potential for substantial 4D flow MRI
workflow improvement compared with standard techniques
that can take 10-25 minutes (115).
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Artificial intelligence (Al)~driven four-dimensional (4D) flow MRI analysis. A deep learning network was used for fully automated and fast 4D flow MRI-based

three-dimensional (3D) segmentation of the aorta and subsequent two-dimensional (2D) planar flow analysis. (A) 4D flow MRl input data. (B) Convolutional neural network
(CNIN) for automated 3D segmentation of the aorta. (€) Aorta 3D segmentation difference map (Al vs manual) and three 2D analysis planes used for quantification of flow

in the ascending aorta (AAo), arch, and descending aorta (DAo). (D) Flow waveforms for each of the three planes (solid lines, manual 3D aorta segmentation; dashed lines,
Al 3D segmentation) demonstrate excellent agreement for Al versus human 4D flow analysis.

For improving 4D flow MRI acquisitions, Vishnevskiy et
al (116) introduced a deep variational network (FlowVN) de-
signed for rapid reconstruction of highly accelerated 4D flow
MRI scans, completing the process in under 1 minute. Their
approach demonstrated excellent correlation in aortic flow and
velocities with compressed sensing reconstruction and yielded
strong structural similarity index values for reconstructed ana-
tomic images. The same group later proposed a self-supervised
reconstruction network (FlowMRI-Net) for fast reconstruction
of highly undersampled 4D flow MRI data (117). The FlowM-
RI-Net outperformed a state-of-the-art compressed sensing and
FlowVN network for aortic 4D flow MRI reconstruction with
times ranging between 1 and 7 minutes on commodity central
processing unit and graphics processing unit hardware. Further,
Kim et al (118) proposed a three-point velocity encoding strategy
to accelerate 4D flow MRI. This technique captures the three ve-
locity-encoded scans (V,, V. g V) without the need for a reference
scan, using a convolutional neural network for background phase
removal. This innovative method has the potential to accelerate
4D flow MRI by up to 25% and can be integrated with other
acceleration techniques to further minimize scan times.

These developments suggest a promising future for 4D flow
MR, driven by deep learning technologies that enhance clinical
feasibility through reduced scan times and improved efficiency
of hemodynamic analysis workflows. To further integrate 4D
flow MRI into clinical practice, future AI models will be re-
quired to be reliable, generalizable, and efficient, with valida-
tion against reference-standard techniques. It will be crucial to
move beyond single-source, black-box approaches. Instead, Al
models should incorporate prior knowledge and constraints—
such as embedding Navier-Stokes equations in velocity data
generation—and leverage multivendor, multisite datasets from
diverse patient populations to ensure interpretability and trust-
worthiness (119). Al-driven models have the potential to en-
hance every aspect of cardiac MR, from protocol optimization
and scanning to data acquisition, reconstruction, and analysis.
This increased automation will enable more frequent use of 4D
flow MRI, facilitating timely diagnosis, surveillance, and prog-
nostic planning. Ultimately, these advancements will support
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radiographers and physicians in collecting and analyzing critical
data, leading to improved patient outcomes.

Conclusion

4D flow MRI has emerged as a noninvasive imaging technique,

allowing for comprehensive post hoc assessments of 3D blood
flow and imaging biomarkers in the heart and great vessels.
Its ability to provide both quantitative and qualitative analy-
ses of blood flow offers significant advantages over traditional
methods like 2D phase-contrast MRI and echocardiography.
Clinical studies highlight its utility in evaluating the thoracic
aorta, aiding in risk stratification and management of aortic
conditions. Recent advancements in postprocessing techniques,
reduced scan times, and the availability of user-friendly analysis
packages have facilitated broader clinical adoption of 4D flow
MRI. Looking ahead, the integration of deep learning and Al
aims to automate analysis workflows and provide immediate
blood flow quantifications, enhancing the clinical applicability
of this innovative technique.
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