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Introduction
Since its introduction, four-dimensional (4D) flow magnetic
resonance imaging (MRI) has been established as the invivo reference standard for non-invasive hemodynamic
assessment [1]. 4D Flow is usually performed using spoiled
gradient-echo sequences with short repetition time (TR),
and electrocardiographic and respiratory gating, for a
recommended total scan time of 5–8 minutes [2]. This
technique allows a volumetric assessment of blood flow
over the entire vessel of interest, along with volumetric
quantification and retrospective analysis of blood flow
through any plane [2], thus providing a full functional
evaluation which can be then combined with anatomical
information derived from other sequences. Indeed, 4D
Flow already proved useful in the assessment of many
clinical conditions, from aortic valve diseases [3] to
complex congenital heart pathologies [4]. In all such cases,
4D Flow allows both a qualitative assessment of blood
flow dynamics, i.e. discerning helical and vortical flow
from laminar flow, and a quantitative assessment, deriving
from the encoded velocities parameters such as jet angles
[5] and wall shear stress [6].

flow visualization in phantom studies, establishing that the
stent presence does not undermine flow measurements.
More recently, Sakata et al. [12] characterized each type
of endoleak after EVAR by its flow appearance, describing
a superior sensitivity than computed tomography angiography in endoleaks detection. Subsequently, the same
team investigated the predictive power of 4D Flow analysis
of type 2 endoleaks, suggesting that it could be useful for
the prediction of sac expansion after EVAR [13]. Furthermore, Ravesh et al. [14] reported how 4D Flow allowed
to measure relevant hemodynamic parameters, namely
blood flow velocity and wall shear stress in a patient with
a folded endograft following thoracic EVAR (TEVAR).
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4D Flow in aortic endografts
Recently, the potential role of 4D Flow in the follow up
of endovascular aortic repair (EVAR) has been explored
with encouraging results. Indeed, EVAR requires a lifelong
postoperative surveillance, as it could be affected by
long-term complications, such as endoleaks [7], which
are defined as a persistent blood flow outside the stent
and within the vessel walls, stent collapse, stent infection,
and stent migration. Furthermore, computational fluid
dynamics studies showed how hemodynamic factors could
exert relevant drag force on the stent, possibly leading to
stent migration or failure [8]. Initially, Hope et al. [9] first
proposed the use of 4D Flow for the identification of endoleaks after EVAR in a case report, then Rengier et al. [10]
and Bunk et al. [11] demonstrated the feasibility of in-stent
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1  10-year-old female patient treated for aortic coarctation (black
arrowhead). Maximum intensity projection image of flow speed,
3D streamlines visualization. (1A) Peak systolic phase. (1B)
Diastolic phase. In correspondence of the luminal narrowing there
is a reduction in flow signal. Nonetheless, flow evaluation is
feasible proximally and distally from the stent, and an acceleration
of the blood flow is visible in the aortic arch.
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In our institution, a relevant number of aortic endovascular
treatments are performed each year, hence we decided to
explore the clinical usefulness of 4D Flow MRI for patients
undergoing thoracic aorta endovascular treatment at our
institution.

Results

Materials and methods
We evaluated 10 patients (2 female), with a mean (± standard deviation) age of 61 ± 20 years, undergoing MRI for
follow-up after endovascular aortic treatment. All patients
underwent EVAR except one, who had an intravascular
stent therapy for isthmic coarctation. All 4D Flow examinations were performed using a 1.5T system (MAGNETOM
Aera, Siemens Healthcare, Erlangen, Germany) using
a 48-channel surface phased-array coil, placed over the
thorax of the patient in supine position. In addition to the
standard examination protocol, a 4D flow sensitive 3D
spatial-encoding, time-resolved, phase-contrast prototype
sequence1 with retrospective electrocardiogram gating and
respiratory gating was acquired. This package supports the
acquisition of volumetric phase contrast data with velocity
vector encoding. Compared to the current product
sequences for phase contrast flow imaging, a 3D spatial
encoding option was integrated, and a navigator as known
from the product coronary imaging protocols was included.
To minimize the time during the cardiac cycle used for the
navigator acquisition, the duration of the navigator module
was reduced to < 20 msec. From a sequence design standpoint, phase contrast flow quantification was integrated
into a sequence derived from the object-oriented cardiovascular sequence. Acquisition parameters were:
TE 2.3–3.1 ms, echo spacing 5.1 ms, flip angle 8°, segment
number 2, temporal resolution 40.6–43.4 ms, bandwidth
490 Hz/pixel, FOV 340–232 mm2, 3D acquired resolution
3.5 × 2.4 × 3.9 mm, and VENC 100 cm/s. Images were
acquired in a sagittal plane, yielding 40 to 52 slices depending on the patient size. For the post-processing, we
2A

2B

used 4D Flow Demonstrator Version 2.41, a prototype software package that allows the qualitative and quantitative
analysis of blood flow using time-resolved phase-contrast
MRI datasets. We also evaluated the presence of artifacts.

2C

Among our cases, flow evaluation was feasible in all
patients, although in 3 out of 10 patients we observed
some artifacts. Indeed, three individuals displayed a
reduced signal within the vessel lumen where the endograft was placed, while other presented with turbulent
or increased flow.
Concerning reduced flows, in the first case (Fig. 1),
a 10-year-old girl treated with a stent for aortic coarctation,
a flow reduction may be observed where the aortic lumen
tightens. This may be due to the fact that the narrowing
causes an acceleration of the flow over the velocity encoding, which is set a priori, or to alterations in the magnetic
field induced by the stent. The second and the third case,
respectively an 82-year-old woman and an 81-year-old man
with EVAR, presented a reduced flow in the aortic lumen
likely attributable to difficult ECG trigger or stent-induced
artifacts.
Concerning patients with blood flow turbulence, we
observed a vortical flow in the ascending aorta of one
60-year-old male patient that underwent EVAR for aortic
dissection (Fig. 2). This patient showed an accelerated flow
right above the aortic valve in peak systole, contributing to
the generation of a vortex towards the late systolic phase.
The accelerated flow was situated at the proximal insertion
of the endograft, and thus the acceleration could be
attributed to the lumen and wall change that it generates.
Three patients presented aortic flow accelerations.
In particular, a 70-year-old male patient that underwent
TEVAR for aortic aneurysm showed an acceleration of the
aortic flow in the distal section of the endograft (Fig. 3); a
53-year-old male patient with repaired dissection displayed
2D

2  60-year-old man with EVAR
for aortic dissection.
Maximum intensity
projection image of flow
speed, 3D streamlines
visualization. (2A) Peak
systolic phase. The flow is
accelerated at the aortic
valve level. (2B) Mid-systolic
phase. A vortex starts
forming in the ascending
aorta (black arrowhead).
(2C, D) The vortex grows
towards the late systolic
phases (black arrowheads).

Work in progress: the application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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3  70-year-old male patient with TEVAR for
aortic aneurysm. Maximum intensity
projection image of flow speed, 3D
streamlines visualization. The sequence
of the cardiac circle shows the development of an abnormal helical flow in the
ascending aorta towards the late systolic
phases, and an increased velocity in the
distal part of the endograft caused by
a narrowing of the lumen.

4A

4B

4  53-year-old male patient with repaired dissection. Maximum
intensity projection image of flow speed, 3D streamlines
visualization. (4A) Peak systolic phase, the streamlines show
a complex flow pattern due to the tortuosity of the ascending
aorta. (4B) Diastolic phase.
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5  51-year-old male patient with TEVAR. (5A) Maximum intensity
projection image of flow speed. The 3D streamlines show
increased velocity in correspondence with the graft’s bends
(black arrowheads). (5B) Computed tomography scan showing
the position of the endograft.
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accelerated and turbulent flow in a tortuous ascending
aorta, proximally to the endograft (Fig. 4); and a 51-yearold male patient with a repaired aneurysm of the aortic
arc presented flow accelerations in correspondence with
endograft bends (Fig. 5).
Nevertheless, in all the other patients, the flow signal
magnitude was unaltered throughout the graft lumen,
granting a complete representation of the flow. For
instance, in a 53-year-old patient that underwent aortic
reparation after traumatic rupture, the flow was laminar
in all the visualized aortic segments, and an acceleration
was visible at aortic valve level (Fig. 6).

6A
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Future perspectives
Currently, CT imaging is the cornerstone for the postoperative follow-up of EVAR. Nevertheless, 4D Flow MRI
offers the unique advantage of a comprehensive analysis
of blood flow in the repaired aorta. The ability to visualize
different flow patterns and derive dynamic parameters
such as wall shear stress might provide new insight on the
risk of post-operative complications. Indeed, computational fluid dynamics revealed that aortic segments presenting
low wall shear stress are linked to thrombus formation,
whereas increased wall shear stress is related to the
propagation of aortic dissection [15]. 4D Flow MRI may
thus allow an in-vivo assessment of such features, without
radiation exposure or administration of contrast agent.
Moreover, currently, the management of type II
endoleaks is decided upon the growth of aneurysmatic sac
[16]. In this regard, 4D Flow analysis of endoleaks flow
patterns such as flow direction, volume and velocity might
allow a more timely detection of endoleak complications
leading to a more tailored treatment [12].

Conclusions

6C

The presence of an aortic endograft does not necessarily
hinder the visualization of blood flow through 4D Flow
sequences, although in some cases flow artifacts could
be generated by the graft. The introduction of a hemodynamic evaluation for aortic endovascular treatments follow
up in everyday clinical practice could possibly provide
insights on the flow changes after EVAR, spotlighting their
impact on the procedure success. Prospective studies are
warranted to assess the prognostic value of 4D Flow for
the follow up after aortic endovascular treatment.
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branches flows. (6C) Computed tomography scan showing the
position of the endograft.
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