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Cardiovascular Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) is an important imaging modality for the
diagnosis, clinical work-up and treatment planning in patients suspected for a wide
range of vascular pathology. The aim of MRA is to visualize the arterial and/or venous
system by creating high contrast between blood flow and its surrounding stationary
tissue. To fulfill this aim, several techniques may be used in clinical practice.
Depending on its demands and the conditions required to optimally visualize specific
vessels of interest, imaging techniques are chosen. In the first part of this Chapter,
techniques will be addressed that are currently available and applied for MRA.
Contrast-enhanced MRA (CE-MRA) is probably the most widely used MRA technique.
CE-MRA is applied either by fast imaging of the first-pass of an intravenously injected
bolus of a gadolinium chelate agent, or by a prolonged imaging approach with a
blood-pool contrast agent. The latter approach is applied when imaging requires a
time window that surpasses the first arterial pass. Because of the reported adverse
events (i.e., nephrogenic systemic fibrosis, accumulation of gadolinium in the brain,
kidneys and bone tissue) associated with gadolinium (Gd)-based contrast agents, an
increasing interest in non-CE-MRA techniques is currently observed. Black-blood and
bright-blood non-CE-MRA techniques will be discussed. Finally, flow imaging by time-
resolved three-dimensional phase contrast (i.e. 4D flow MRI), with the aid of newly
developed visualization tools, is a relatively new technique that may be used to
visualize complex flow structures and add quantitative hemodynamic information as
well.

In the second part of this Chapter, we will address the anatomical regions that are
imaged by MRA and discuss the state-of-the-art. Special focus will be on the carotid
arteries, thoracic and abdominal aorta, renal arteries, mesenteric artery, and the
peripheral arteries.

Contrast Enhanced MR Angiography: technical approach

In CE-MRA, vessels in the field-of view of interest are imaged during the arterial first-
pass of intravenously injected paramagnetic contrast material.' These contrast agents
have a short T1 relaxation time and will produce high signal on T1-weighted images. In
clinical practice, Gd-bound chelates, for example DTPA (diethylenetriamine
pentaacetic acid), are used as paramagnetic contrast agents. The gadolinium ion is a
rare-earth element, and toxic to humans when unbound. Therefore, in MRI,
gadolinium contrast is based on chelates and thereby, controlling the distribution of
gadolinium within the body and to overcome toxicity however maintaining their
contrast enhancement capacity. A very important property of these chelates is their
chemical stability, which depends on the chemical structure and ionicity of the
complex.2 A stable chelate has less tendency to release free gadolinium ions in the
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human body. Gadolinium chelates can be distinguished in two structural categories:
macrocyclic and linear gadolinium chelates. In macrocyclic structures, the gadolinium
chelate is more stable and, therefore, the chance of free gadolinium ions in the body
is reduced. Breaking of the bond between gadolinium and the chelate
(transmetallation) is more likely to occur with linear agents than with macrocyclic
agents. However, even the fact that macrocyclic agents are more resistant to
transmetallation, development of NSF is described in patients with severe renal failure
after several gadolinium contrast administrations.> Most reported cases of
nephrogenic systemic fibrosis are linked with linear Gd-chelates. Awareness of this
association has given rise to effective screening of patient with possible renal failure,
use of more stable Gd-chelates, and international recommendations for the use of Gd-
based contrast agents in daily practice.“’s’6

Gd-chelates create intravascular signal by shortening the T1 relaxation time of blood
in proportion to the concentration of contrast material. At 1.5T, T1 of blood is 1200
ms. The T1 relaxation time is shortened by gadolinium according to equation 1;

1/T1=1/1200 ms +R;[Gd] {Equation 1}
R = T1 relaxivity of gadolinium, [Gd] = gadolinium concentration in blood.

Gadolinium-enhanced MRA is insensitive to blood flow, in contrast to non-CE-MRA
techniques as time-of-flight (TOF) and phase-contrast (PCA) MRA. Consequently, in
CE-MRA, image quality is not degraded by flow disturbances.

Gadolinium contrast agents can be classified depending on their distribution in tissue
after intravenous administration, e.g. extracellular or intravascular. Most of the
gadolinium chelates used in clinical routine are extracellular agents. After
intravascular administration they diffuse rapidly through the capillary walls into the
extravascular space. In CE-MRA, arteries are preferably imaged during the initial
passage of contrast. Timing of starting the image acquisition is essential to reduce
signal from gadolinium diffused to the extracellular space and to overcome venous
enhancement, which can lead to artifacts and image degradation.

The application of CE-MRA was improved by the introduction of Gd-chelates that have
the capability to bind to larger molecules in the blood such as albumin. These contrast
agents (e.g. gadobenate dimeglumine) provide a prolonged imaging time window due
to a decreased decay time of contrast in blood. The use of such agents enables
imaging beyond the initial passage of contrast bolus, which may be a benefit when
acquisition needs to be gated to cardiac or respiratory motion, or when high
resolution is required in small vessels such as the coronaries.> When compared to an
extravascular Gd-chelate, blood pool agents show an improved conspicuity of small
vessels (9). Further development of macromolecular blood pool agents in the near
future may play an important role in CE-MRA.
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3D Contrast-enhanced MRA Pulse sequences

The MRI sequence that is used in CE-MRA needs to fulfill the following needs: T1-
weighting is required as well as obtaining a large 3D volume with sufficient spatial
resolution, preferably fast within the first-pass of contrast and within a breath hold to
suppress respiratory motion. Therefore, fast T1-weighted 3D spoiled gradient-echo
(GRE) sequences are used for image acquisition. In clinical routine, 3D CE-MRA
preferentially is performed on a 1.5T or 3T system with strong gradient systems to
reduce scan time as such that 3D datasets can be acquired during breath-holding.
Typically, short repetition times (TR) and echo times (TE) are used, 3-8 ms and 1-3 ms,
respectively. Flip angle is 20°-40° to achieve optimized T1-weighting.

Furthermore, subsampling imaging techniques such as parallel imaging are
implemented to reduce total scan time.'® Advanced k-space sampling techniques
(spiral, keyhole, echo planar imaging) may be used as well to speed up acquisition.

At postprocessing, the 3D nature of the dataset allows viewing of the data from any
desired angle, i.e. by creating multi-planar reformats (MPR) or rotational maximum-
intensity-projection (MIP). This results in multiple images in various anatomic
orientations. Thin (i.e., <3 mm thick) slices are required in order to provide a useful
evaluation of these images. In some situations, it may be useful to use thicker slices
(e.g., 10 mm) to reduce the number of slices and allow faster scanning. Although the
ability to rotate the MIP is lost with such thick slices, scan times can be as short as
1 second.

Bolus timing

Precise bolus timing is essential for first-pass CE-MRA. Arterial imaging is performed in
the time window between arterial and venous enhancement and this time window
depends on the rate of contrast agent injection, and will be patient specific."" The
transit time of contrast from the injection site (usually in the veins in the arm) to the
field-of-view with the vessels of interest depends on several factors, e.g. injection
rate, injection site, heart rate, and stroke volume.

The gadolinium contrast concentration in the arterial blood is proportional to the
injection rate and inversely proportional to the cardiac output:

[Gd].rerial = injection rate (mol/sec) / cardiac output (L/sec) {Equation 2}

T1 for blood is related to the injection rate and cardiac output by combining equation
land2.”

Maximum arterial signal intensity is achieved when the start of the acquisition and the
contrast infusion are synchronized such that peak arterial gadolinium concentration
coincides with the acquisition of the central portion of k-space.13 The center of
k-space contributes most to overall image contrast, whereas the periphery of k-space
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provides image information of details and contributes to spatial resolution. Therefore,
for improved arterial/venous differentiation central k-lines have to be sampled before
venous return. In CE-MRA, different types of k-space filling can be used in the
available 3D pulse sequences. It is important to adjust bolus timing to the order of
k-space filling used.

In linear ordering, lines of k-space can be acquired in any order (high k-space lines
first, low k-space lines first, or at random). Linear ordering can be used in a CE-MRA
protocol when precise timing of the contrast bolus is difficult or arrival time may be
prolonged.

For most CE-MRA examinations, elliptical-centric ordering is the preferred k-space
sampling method used. Typically, the center of k-space is acquired first and the
periphery later (e.g. elliptic-centric, CENTRA ("Contrast-ENhanced Timing Robust
Angiography"),"* DRKS ("Differential Rate K-space Sampling"), or PEAKS ("PEak Arterial
K-Space filling")).

To determine the delay between the start of the venous contrast injection and the
start of the acquisition, either a small test bolus or fluoroscopic real-time imaging can
be used. The timing method by using a test bolus (1 to 2 mL) is robust and easy to
perform. However, it will lengthen the procedure with a few minutes and requires an
additional administration of contrast. In fluoroscopic real-time imaging, the inflow of
contrast is imaged in the field-of-view with the vessels of interest. At the moment of
contrast arrival, the acquisition is started automatically, however, a disadvantage can
be the short delay of a few seconds, which is needed to switch from the fluoroscopic
real-time imaging to the actual start of CE-MRA acquisition.

Contrast-enhanced versus non-contrast-enhanced MRA

In recent years the association between CE-MRA and nephrogenic systemic fibrosis
(NSF) has been reported.ls’16 The occurrence of NSF has been described exclusively in
patients with severe renal failure and developed most frequently after administration
of linear Gd-chelates.*

Moreover, gadolinium accumulation in tissue in patients without renal impairment
has been reported in several studies. Kanda et al. reported residual gadolinium
concentrations in the brain, particularly in the dentate nucleus and globus pallidus, of
patients without severe renal dysfunction17 and foci of hyperintensity on unenhanced
T1-weighted MR images associated with previous administration of linear Gd-chelates
and may be associated to the total number of previous gadolinium-based contrast
material administrations.™ Deposition of gadolinium has also been demonstrated in
bone, skin, and, liver.**?°
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Currently, previous administration of macrocyclic Gd-chelates showed no association
with gadolinium accumulation in tissue yet,21’22 however, these macrocyclic contrast
chelates have been in use in clinical practice for a shorter time than the linear
chelates.

Nevertheless, the application of CE-MRA and the amount of administered contrast is
of clinical importance, especially in patients with impaired renal function. Awareness
of NSF-related incidents associated with CE-MRA and reports on accumulation of
gadolinium in various tissues have also led to a renewed interest in non-CE-MRA.
Improvements in MR hardware and software, including the widespread availability of
parallel imaging have helped to reduce acquisition times and have made some non-
CE-MRA methods clinically practical.

Non-CE-MRA methods may be classified into three categories, black-blood, bright-
blood and 4D flow visualization.

Black-blood imaging

Black-blood imaging of blood vessels uses double-inversion recovery to null the signal
of flowing blood.” This technique is flow-sensitive. Two 1802 inversion recovery
prepulses are applied to null the signal of flowing blood: the first prepulse is non-slice
selective and inverts the longitudinal magnetization vector in the entire body, while
the second prepulse is slice selective and inverts the magnetization in the imaging
slice back to its original orientation. Signal of blood entering the imaging slice after the
second prepulse has undergone reinversion and will appear dark in the images. ECG-
gated partial Fourier Fast Spin-Echo (FSE) is the sequence of choice,*** using a slice
thickness of 6 to 8 mm stacked in the transverse plane of the chest or in a double-
oblique sagittal view of the aorta (i.e., the candy cane view). Single-shot FSE (SSFSE)
sequences are much faster than basic FSE sequences and allow for acquisition of the
entire imaging stack in a single breath-hold. Fat saturation is recommended to
increase the conspicuity of aortic wall hematoma.”® Despite being an established
technique, black-blood imaging is prone to artifacts, as inadequate nulling of blood
signal may occur by slow flow, or when in-plane blood flow is present.

Bright-blood imaging: Time-Of-Flight (TOF)

TOF methods depend on the inflow enhancement of flowing blood and the relative
saturation of longitudinal magnetization of stationary tissue to produce high contrast.
The longitudinal magnetization from the background tissue is suppressed by multiple
RF excitations, such that the magnetic spins associated with background tissue do not
have sufficient time to fully regain their longitudinal magnetization. Saturation of
background signal will reach a steady-state determined by the flip angle, repetition
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time and the T1 of the background tissue. This saturation will make stationary tissue
appear dark in TOF images. The bright signal intensity of flowing blood is the
consequence of the continuous inflow of fresh, unsaturated blood into the imaging
slice, which produces more signal than the surrounding stationary tissue, as the latter
was repeatedly exposed to RF pulses.27 This effect is known as flow-related
enhancement®® and can be maximized by using sequences with a short repetition time
(TR). Ideally, the imaging slice should be thin and oriented perpendicular to the
direction of flow. Electrocardiographic (ECG) gating can be used to optimize
synchronization of acquisition to the blood flow to the cardiac cycle and consequently
to the signal present in the artery of interest.

2D and 3D TOF techniques are in use. 2D TOF with consecutive slices stacked together
can produce excellent contrast in the vessels when the imaging slices are planned
perpendicular to the vessels of interest. When in-plane flow occurs, the longitudinal
magnetization of blood will become saturated and signal is progressively lost.
Additionally, venous signal may be suppressed with presaturation slabs, positioned
parallel and next to the imaging slices, in order to saturate longitudinal magnetization
of blood flowing into the imaging slice from the opposite side of arterial blood flow.
Resolution of 2D TOF is often limited by the used slice thickness. However, thin slice
acquisitions are possible, but acquisition time will increase with the amount of slices
required to cover the vasculature and signal-to-noise ratio will decrease with
decreasing slice thickness.

3D TOF may be performed with isotropic voxel sizes of 1 mm?>. High resolution is
essential to visualize small branch vessels, stenosis or to provide a clear delineation of
tortuous vessels. 3D TOF has to deal with saturation effects of arterial blood flow,
especially slow flow. On the other hand, SNR will be increased by using 3D imaging.
Decreasing the flip angle may reduce excessive saturation effects.

Bright-blood imaging: Phase Contrast Angiography (PCA)

In PCA, the contrast between flowing blood and the surrounding stationary tissue is
generated by the flow-induced phase shift in the transverse magnetization of the
moving blood. As the magnetic field strength and the precession frequency of spins
are linearly related, the precession frequency will increase when spins move along a
positive gradient in the magnetic field. Compared to spins that remain fixed in
position (i.e., in stationary tissue), moving spins (i.e., in flowing blood) will accumulate
phase in the transverse magnetization. This phase shift is proportional to its velocity
and the gradient strength.29 In addition to such a velocity-sensitive acquisition, a
velocity-compensation acquisition is defined. Such acquisition uses a bipolar gradient
with equal positive and negative effect to achieve no difference in net phase shift
between spins moving with uniform velocity. PCA uses the subtraction of both
velocity-sensitive and velocity-compensation acquisitions to visualize moving spins.
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The velocity can be directly quantified from the resultant phase images. A priori to the
acquisition the velocity sensitivity needs to be determined by choosing the Venc, i.e.,
the outer limit of the velocity range that is encoded by the phase shift of +180° and
-180°.

TOF and PCA, two conventional bright-blood non-CE-MRA techniques, were highly
time consuming and moreover, suffered from artifacts caused by turbulence and in-
plane saturation. In a meta-analysis,*® the sensitivity and specificity for the detection
of significant stenosis (>50% luminal reduction) for 2D TOF ranged from 64% to 100%
and 68% to 96%, compared to 92% to 100% and 91% to 99%, respectively for CE-MRA.
Such limitations resulted in declining interest for TOF and PCA in favor of CE-MRA.
However, in association with the reported adverse events from gadolinium usage, an
increase in interest in new bright-blood non-CE-MRA techniques is occurring.

Bright-blood imaging: Steady-State Free-Precession (SSFP)

SSFP produces high signal intensity for blood, due to the inherently T2/T1-weighted
image contrast which is high for all fluids, independent from inflow effects. ECG-gated
cine acquisitions with SSFP are used to visualize the anatomy of thoracic aorta with
breath-hold sequences. Aneurysms, coarctation and stenosis or dissection flaps can be
visualized using this approach. The aortic root is best evaluated in multiple planes,
including long-axis planes of the left ventricular outflow tract (LVOT). The remainder
of the thoracic aorta is best evaluated with images in the transverse plane of the chest
and in the double-oblique sagittal candy-cane view. SSFP sequences are susceptible to
magnetic field inhomogeneity, which are particularly present at high field strength.
Off-resonance artifacts may result in non-diagnostic images. Dedicated shimming
algorithms may aid in minimizing these off-resonance artifacts.

Bright-blood imaging: Dixon

Another relatively new bright-blood approach relies on an old technique based on the
chemical shift between both water and fat. Dixon’s water-fat separation31 uses the
phase shift from the water-fat resonance frequency and by using carefully chosen
multiple echo times, excellent separation between water and fat is achieved in four
distinct images: separate water and fat images as well as images with signal from both
tissues in- and out-of-phase. The Dixon technique may be applied for MRA purposes,
its application may be promising for imaging of the coronaries as well as the thoracic
aorta.”
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Blood flow visualization with 4D flow MRI

Phase-contrast imaging enables quantitation of blood flow velocity in the direction of
a magnetic field gradient. In addition to conventional through-plane one-directional
velocity-encoding, advanced 3D time-resolved imaging is possible with velocity-
encoding in all three directions, providing the temporal distribution of a velocity
vector field, representing the flow of blood inside a 3D volume (i.e., so-called 4D flow
data).® Visualization tools such as streamline and pathline visualization have been
developed to display this data and to segment blood vessels of interest from their
surrounding tissue. The usability of this technique has been shown in the aorta and
pulmonary arteries, the carotid artery, the abdominal circulation as well as the
circulation in the brain. While this technique is still a research application, a lot of
effort has been made in recent years to translate this technique towards the clinic.®*
The additional hemodynamic information (e.g. wall shear stress, stenotic pressure
drop, pulse wave velocity, viscous energy dissipation) which becomes available with
4D flow MRI in combination with the excellent 3D visualization possibilities of complex
vascular structures and pathologies, may eventually push this modality towards a
clinical viable application.

Artifacts in CE-MRA

In CE-MRA, images with maximum arterial signal intensity are obtained when the
acquisition of the central portion of k-space coincides with peak arterial gadolinium
concentration. Timing of bolus arrival and imaging within the time window of arterial
enhancement is critical to minimize artifacts. Starting the acquisition too early, when
the contrast bolus is still arriving in the vessels of interest, can cause ringing or so-
called Maki artifacts." Starting the acquisition too late will lead to imaging outside the
time window of arterial enhancement, causing venous enhancement hampering the
evaluation of arterial vasculature. Such artifacts may result in degradation of image
quality and misclassified diagnosis.

Artifacts are most evident when the center of k-space is acquired before the peak of
intravascular gadolinium arrival.”® The Maki artifact for example, results in a central
dark line in the vessel, from which a so-called pseudo-dissection can appear, when the
contrast bolus arrives in the vessel of interest after sampling of the central k-lines.
Overestimation of the length of a stenosis can occur due to signal loss because of
turbulence and in-plane saturation. Generally, this latter artifact is not present in
CE-MRA, however, signal loss can occur in the stenosis caused by high velocity rates,
especially in combination with low contrast material concentration.*
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Erroneously, an occlusion can be apparent in tortuous arteries when the vessel of
interest is not completely covered inside the field-of-view. Parallel to vessels with very
high signal intensity ghosts (i.e. phase artifact) can be seen.*®

Movement of the patient between the acquisition of the mask and the CE-MRA may
lead to subtraction artifacts, leading to image degradation. Signal loss caused by
susceptibility can be seen when clips, metallic stents or prostheses are present.

In non-CE-MRA, artefacts may also results in image degradation or even lead to
misdiagnosis. Post-stenotic signal loss due to turbulence or in-plane saturation in
phase contrast imaging may lead to an overestimation of a stenosis. When the a priori
set velocity sensitivity (Venc) is too low, aliasing will occur in the velocity images and
when uncorrected will result in a decrease in signal in the phase contrast magnitude
images.

On the other hand, slow flow in TOF imaging may lead to similar misdiagnosis when
vascular signal decreases. In black-blood imaging, in-plane flow may lead to vascular
enhancement and inadequate signal suppression when the imaging slice is too thick.
SSFP is very susceptible to off-resonance artifacts, especially at higher field strength
and non-optimal shimming, which may degrade image quality to the point of non-
evaluable for clinical diagnosis.

Magnetic resonance angiography of the extracranial carotid
arteries

Atherosclerosis of the extracranial carotid arteries is an important cause of stroke.”’
Worldwide stroke is a major health concern, for example approximately 795,000
patients with a stroke are reported in the United States every year.38 Around 610,000
patients are new attacks and 185,000 patients experience a recurrent episode of
stroke. Stroke can lead to significant disability in nonfatal cases and accounts for
approximately 1 of every 20 deaths in the United States.

Carotid atherosclerosis is a significant factor for risk stratification and is associated
with more than a doubling in the risk of stroke after a transient ischemic attack.™
Therefore, accurate evaluation of the extracranial carotid artery is essential.

For evaluating the severity of carotid stenosis, digital subtraction angiography (DSA)
remains the standard of reference. This imaging approach has certain limitations,
including invasiveness and the use of ionizing radiation. Moreover, DSA involves a
small risk of stroke on the order of around 0.5-4%.*

Therefore, nowadays non-invasive imaging techniques play an important role in the
routine assessment of patients with suspected carotid artery. Non-invasive techniques
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as duplex ultrasound (DUS), CE-MRA and computed tomography angiography (CTA)
are widely available and have replaced invasive arteriography in daily clinical routine.
When compared to DSA, non-invasive imaging techniques generally are less accurate
for low degree carotid artery stenoses. Meta-analysis showed sensitivity and
specificity for DUS of 36% and 91% respectively for 50% to 69% stenosis degree of the
internal carotid artery, 77% and 97% respectively for CE-MRA, and 67% and 79%
respectively for CTA.* Non-invasive techniques revealed higher sensitivity and
specificity for high grade stenosis (70%-99%), DUS 89% and 84%, CE-MRA 94% and
93%, and CTA 77% and 95%, respectively.

Duplex ultrasound is widely available, easy accessible, cost-effective and often used as
a first line investigation in standardized protocols assessing carotid vascular disease.”
In experienced hands it is an accurate test, however it has higher interobserver
variability and lower sensitivity and specificity when compared to CE-MRA and CTA.
Guidelines of the American Heart Association (AHA) and the American College of
Cardiology Foundation recommend evaluation of the carotid artery by MRA or CTA,
when DUS provides equivocal or non-diagnostic results.*> When DUS detects a
significant stenosis (>70%) it is useful to evaluate stenosis severity by performing MRA
or CTA. For assessing carotid artery stenosis, CE-MRA show a comparable accuracy.
However, CTA has some limitations. CTA requires the use of ionizing radiation and
administration of larger intravenous contrast volumes, application iodinated contrast
with possible toxicity and adverse reaction, and, moreover, calcification in plague may
hamper stenosis gradation. Therefore, it is becoming common practice to combine
DUS, as first line screening modality followed by CE-MRA for gradation of carotid
stenosis.

CE-MRA is the MRA technique of choice to evaluate carotid vascular disease
(Figure 4.1). Typically, 3D CE-MRA data are acquired in a coronal plane. In CE-MRA of
the carotid arteries bolus timing is essential, since venous return in the neck veins
occurs fast. Spatial resolution of 0.71 mm® at 1.5T and 0.54 mm® at 3T are
recommended.*® Generally, single dose of gadolinium-based contrast agent
(0.1 mmol/kg) is sufficient to achieve excellent image quality and resolution at 1.5T.
Several studies showed that dose reduction to half dose (0.05 mmol/kg) is feasible at
3T without compromising SNR and spatial resolution.*>*

In several studies TOF MRA showed good sensitivity and specificity in detecting
stenosis of the carotid bifurcation.””** However, CE-MRA offers high resolution
imaging of larger field-of-view in shorter acquisition times*>*® and therefore, has
replaced TOF MRA in clinical practice.

Development of new non-CE-MRA sequences show promising results and could have
the potential to become an alternative imaging approach in evaluating carotid
vascular disease. Zhoa et al.”" showed that 3D black-blood MR imaging provided high
agreement for stenosis measurements as compared to DSA. 3D black-blood MR
imaging depicted longer lesion length than DSA, because it is able to define vessel wall
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morphology and distribution of plague. When compared to CE-MRA, 3D black-blood
MRA show accurate measurement of carotid stenosis’ and sensitivity and specificity
comparable with CcTA™

Figure4.1  CE-MRA shows a significant stenosis of the proximal internal carotid artery on both sides
(arrows).

Other vascular disease of the carotid artery can also be diagnosed by CE-MRA.
Fibromuscular dysplasia (FMD) is a non-atherosclerotic, non-inflammatory
arteriopathy with segmental involvement of small- and medium sized arteries. The
etiology is unknown and the extracranial carotid, vertebral, and renal arteries are
most frequently affected. The so-called string-of-beads sign of the involved arteries is
a classic pattern seen in FMD, but also other imaging findings are described, as
aneurysm, fusiform arterial ectasia, and vascular loops. FMD can accurately be
diagnosed using CE-MRA, however, a negative result on CE-MRA does not rule out the
diagnosis of FMD. Therefore, DSA is still mandatory in patients with high clinical
suspicion of FMD.

Carotid artery dissection is one of the most common causes of stroke in young
patients. Dissection can occur after trauma, but may arise spontaneously. In patients
suspected for carotid artery dissection, CE- MRA is the imaging modality of choice.”***
Mural hematoma can be visualized by performing additional axial TIW images with
fat suppression. Although DSA is the reference standard for evaluation of the lumen of
the carotid artery, it does not provide details of the arterial wall. In suspected cases it
is important to reformat acquired high-resolution isovolumetric voxels in axial thin
slices to eventually depict an intimal flap.
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Magnetic resonance angiography of the aorta

Diseases of the thoracic and abdominal aorta can be examined by several imaging
modalities. Over the last decade non-invasive imaging techniques have improved
significantly and therefore, the need for DSA as imaging tool in clinical practice has
decreased. With non-invasive techniques the risks of arterial catheterization and the
use of iodinated contrast medium can be avoided.

A wide spectrum of vascular diseases affecting the thoracic and abdominal aorta can
be evaluated by angiographic imaging, including aortic aneurysm, suspected aortic
dissection, penetrating atherosclerotic ulcer, arterial occlusive disease in
atherosclerosis, genetic diseases (e.g. Marfan syndrome), and congenital
abnormalities such as coarctation of the aorta. For imaging the thoracic aortic lumen,
current established non-invasive techniques such as transthoracic echocardiography
(TTE), transesophageal echocardiography (TEE), MRA and CTA are able to provide
additional information of the aortic wall and the relationship of vascular disease to
surrounding tissue. Echocardiography is most commonly used as a first line imaging
modality, but also MRA and CTA are widely used. The abdominal aorta is most
typically imaged by ultrasound, MRA, and CTA,56 whereas echocardiography is the
most frequently used imaging modality for evaluating the aortic root and proximal
ascending aorta.

In a standardized echocardiographic examination the thoracic aorta is routinely
assessed.”’ Despite the fact that TTE is limited for assessing the complete thoracic
aorta, it still permits adequate assessment of several aortic segments, especially
adequate when monitoring aortic root diameters.’® Moreover, TTE can be used as a
screening tool for proximal ascending aorta dilatation.

Due to the proximity of the esophagus to the thoracic aorta, TEE is often used in
thoracic aorta assessment to overcome the limitations of TTE. TEE reveals high
resolution images and unlike TTE allows gradual assessment of the thoracic aorta from
the aortic root to the descending aorta.””® However, if echocardiography reveals
inconclusive information or when abnormalities are present, another imaging
modality is required for further work-up.

CTA is an important imaging technique in vascular diseases of the thoracic and
abdominal aorta. Especially in acute aortic syndrome (i.e. aorta dissection, intramural
hematoma, penetrating atherosclerotic ulcer, and contained aortic rupture) CTA plays
a key role and is the preferred primary imaging technique. Multi-slice CT scanners are
widely available and can provide images with high spatial resolution. Therefore, CTA
has essentially replaced invasive DSA. Diagnostic accuracy of CTA for the detection of
dissection and traumatic injury are excellent. Sensitivity and specificity for the
detection of dissection are 100%.%* Steenburg et al.® reported a sensitivity of 96.0%, a
specificity of 99.8%, and accuracy of 99.8% for multislice CTA as compared with DSA in
patients with acute thoracic aortic injury.
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The role of MRA in the evaluation of acute aortic syndrome is limited. Monitoring
acute, unstable patients in the MRI scanner is more complicated and acquisition times
are longer. However, MRA has several advantages over CTA such as the above
mentioned radiation-free nature of the imaging modality in which the need for
iodinated contrast medium is avoided. Therefore, MRA is highly suitable for
evaluation of aortic disease in young patients and for follow-up studies.®®

CE-MRA has emerged as the preferred MRA technique for evaluation of thoracic and
abdominal vascular pathology independent of blood flow. High-resolution 3D image
acquisition permits multi-planar and MIP reconstructions in any desired plane for
detailed image evaluation (Figure 4.2). 3D CE-MRA acquisition does not require ECG
triggering and can be performed during a single breath hold of approximately 15 to 20
seconds.

Figure 4.2  CE-MRA shows a short distal aortic occlusion (arrow) and a significant stenosis of the proximal
left common iliac artery (arrowhead).

For optimizing SNR surface phased-array coils are used for imaging the thoracic and
abdominal aorta, however, sufficient image quality can also be achieved by applying
the body coil. Positioning of the surface phased array coil in thoracic aorta imaging is
important as the volume stack should include the proximal brachiocephalic arteries.
When imaging the abdominal aorta, positioning of the 3D volume is essential such
that the acquired volume contains the proximal course of major arterial braches as
the cephalic trunk, superior mesenteric artery, renal arteries and iliac arteries.

For both the thoracic and abdominal aortic CE-MRA, patients are routinely imaged in
supine position.
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The imaging protocol of the thoracic aorta consists of a survey or localizer sequence,
SSFP cine imaging, contrast bolus timing sequence (test bolus or fluoroscopic real-
time imaging), 3D CE-MRA sequence pre- and post-contrast and, depending on
vascular disease, T1-weighted post-contrast sequence to rule out for example aortitis.
Single-shot fast spin echo or SSFP acquired during breath holding can serve as a
localizer sequence in three directions. For optimal planning and positioning of the 3D
CE-MRA imaging volume, it is essential that the survey scan is performed in the same
breath holding position as utilized for the 3D CE-MRA acquisition. Preferably, this
breath holding is end-expiration since end-expiration is more reproducible when
compared to end-inspiration.** SSFP images are acquired with ECG triggering and
during breath holding. Preferably, two directions (axial and parasagittal planes) are
acquired. SSFP images provide additional information about the vessel wall and
surrounding tissue.

The pre-contrast 3D scan is acquired to verify proper positioning of the 3D volume and
to rule out possible aliasing artifacts. For 3D CE-MRA, 0.1-0.2 mmol/kg body weight
contrast medium is administered. The 3D dataset can be obtained in coronal, sagittal,
or parasagittal plane. Covering the thoracic aorta in a coronal plane requires a larger
volume and consequently, longer breath holding maintaining high spatial resolution.
Therefore, in clinical practice, sagittal or parasagittal plane is favored. Typically, the
field-of-view ranges from 30 to 40 cm.

Usually, the abdominal aorta is imaged in the coronal plane and the field-of-view
varies between 35 and 40 cm. For both thoracic and abdominal CE-MRA, spatial
resolution of at least 1-1.5 mm should be used.®

In CE-MRA of the thoracic and abdominal aorta, optimally two post-contrast datasets
are obtained. Large aneurysms or false lumen in aortic dissection may have slow flow
and therefore, require a longer time interval between contrast injection and 3D image
acquisition to become fully enhanced. As a consequence, they may be only fully
established during the second 3D volume acquisition. Moreover, distinction between
slow flow and therefore potential non-filling with contrast of the lumen can be
distinguished better from thrombus.

Additionally, ECG-triggered T1-weighted images with fat suppression can be acquired
to analyze the aortic wall. Phase contrast sequences can be performed to quantify
flow.

Non-CE-MRA of the thoracic aorta can also provide additional information of the
aortic wall and surrounding tissue, and therefore, this acquisition is an important
sequence within the standard MRA imaging protocol. Non-CE-MRA by SSFP may serve
as a useful alternative for evaluation and follow-up of aortic disease when compared
to CE-MRA in patients with contraindications to gadolinium use or with poor
intravenous access. SSFP showed high diagnostic accuracy for aortic dimensions and
vascular pathology, and similar reader confidence, when compared to CE-MRA.**%
For the detection of aortic disease, free breathing 3D SSFP MRA with navigator gating
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showed a 100% diagnostic accuracy with CE-MRA serving as reference standard.”®
Furthermore, SSFP showed significantly higher image quality of the aortic root,
whereas non-ECG-gated CE-MRA images may suffer motion artifacts in this region
hindering diagnostic image evaluation.

In CE-MRA, post-processing of the acquired 3D dataset is essential. On MPR and MIP
reconstructions aortic vascular pathology can be assessed in relation to the origin of
branching vessels. For serial follow-up examinations in patients with aortic dilatation,
consistency and accuracy of aortic diameter measurements is critical, since increase in
diameter may have important impact on risk stratification and on planning of surgical
intervention.®®’° The maximal diameter should be measured perpendicular to the axis
of flow, double oblique or so-called centerline reconstruction.”” Double oblique
measurements of aortic diameter provided better agreement with the reference
standard of planimetry than axial measurements and therefore, may have potentially
important impact on surgical decision-making.72

Aneurysm of the thoracic aorta is often an incidental finding during TTE for cardiac
screening or on chest X-ray in asymptomatic patients. Aortic aneurysm may lead to
aortic rupture or aortic dissection. These acute events may be rapidly fatal in a large
proportion of patients,73 therefore, serial follow-up examinations in this patient
population is vital. CE-MRA is a robust and accurate imaging modality for evaluation of
the entire aorta and is favorable for long-term follow-up examinations without the
need of ionizing radiation or iodinated contrast (Figure 4.3).

Figure 4.3  (A) Bright-blood steady-state free-precession axial image shows an aneurysm of the ascending
aorta (asterix). (B) 3D CE-MRA (sagittal maximum-intensity-projection) of the same patient.

Reports showed a high accuracy for the detection of thoracic and abdominal

aneurysms with a sensitivity of 100% and specificity of 100%, respectively, when
74,75

compared to surgery or DSA.

Atherosclerosis more often causes aneurysm formation in the descending and

abdominal aorta, whereas dilatation of the ascending aorta more frequently occurs in

aortic valvular disease as in aortic valvular regurgitation and in patients with bicuspid
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valves. Other causes of aortic aneurysm are connective tissue disease (i.e. Marfan
syndrome, Ehlers-Danlos, and Loeys-Dietz syndrome), Turner syndrome, inflammatory
disease, trauma, chronic dissection or aortic surgery. Hypertension, smoking,
hypercholesterolemia, and low high-density lipoprotein cholesterol are also
significantly associated with aortic dilatation.”®”’

Aneurysms can be classified in true and false aneurysms. A true aneurysm involves all
three layers of the aortic wall, i.e. the intima, media, and adventitia. In a so-called
false aneurysm, a disruption in the arterial wall causes blood leakage and an
aneurysm contained by only the adventitia or surrounding tissue. The disruption may
be caused by trauma, iatrogenic origin (e.g. percutaneous or surgical procedures), or
inflammation. Risk of aneurysm rupture is higher in a false aneurysm when compared
to true aneurysms.”®

Morphologically, two types of aneurysms can be recognized: fusiform and saccular
aneurysms. A fusiform aneurysm is concentric and involves dilatation of the full
circumference of the aortic wall. A saccular aneurysm is eccentric and consists of a
asymmetric outpouching of a part of the artic wall.

Bacterial infections of the aortic wall can cause the formation of mycotic aneurysms.
The most common infecting organisms are Staphylococcus aureus and Salmonella.
Mycotic aneurysms are usually saccular and are more prone to rupture. For optimal
treatment early diagnosis is essential. Normally, patients present with signs of
infection, including fever or sometimes sepsis. Often bacteremia is present, however
negative blood cultures do not rule out the presence of mycotic aneurysm.”
Therefore, imaging is very important for diagnosis. Besides the saccular aneurysm, CE-
MRA can demonstrate additional perivascular inflammatory changes as soft tissue
inflammation, edema, gas, and irregularity of the aortic wall leading to the diagnosis
of mycotic aneurysm.

In aortic dissection, intraluminal blood penetrates into the media layer of the aortic
wall through a tear in the intima, thereby dissecting the aortic wall. The proximal
ascending aorta and the descending aorta distal to the origin of the left subclavian
artery are the two most common sites where the aortic dissection is initiated and the
intimal tear occurs. The bleeding between the dissected layers of the aortic wall forms
the false lumen. Distention of the false lumen may narrow and compress the true
lumen. Bleeding within the medial layer of the aortic wall can also cause the
formation of a localized intramural hematoma (IMH) and facilitate the development
of an intimal tear.

Currently, two classification systems - DeBakey and Stanford classification - are most
frequently used for aortic dissection.?’ The DeBakey classification subdivides aortic
dissection in type |, I, and Ill. In DeBakey type | aortic dissection the ascending and
descending aorta are involved, in type Il only the ascending aorta and aortic arch, and
in type lll the ascending aorta and arch are spared. The Stanford classification
differentiates type A and type B aortic dissection. Type A involves the ascending aorta,
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and eventually extending distally. Type B aortic dissections start out in the descending
aorta and spare the ascending aorta and arch. If not operated, patients with acute
type A aortic dissection have a high mortality of 50% within the first 48 hours,81
therefore, surgery is the treatment of choice. Patients with type B dissection are often
treated medically with close surveillance to identify possible progression of the
dissection. Herewith, sequential imaging of the thoracic and, if necessary, abdominal
aorta is essential. CTA is the imaging technique of choice in patients suspected for
aortic dissection in acute setting. CE-MRA is an excellent technique for multiple
follow-up examinations, without ionizing radiation or the use of iodinated contrast.
For MRI, high sensitivity and specificity of both 98% in the diagnosis of aortic
dissection were reported.gz’83

T1-weighted imaging can determine blood in the aortic wall and additional
T2-weighted imaging can further help to analyze the blood compounds characteristics
and age of IMH. CE-MRA clearly reveals the extent of aortic dissection and the
possible extension into arterial side braches. Moreover, branching arteries originating
from the true or false lumen can be evaluated. Both SSFP images and CE-MRA can
clearly visualize the intimal flap. However, MIP images may obscure the intimal flap
and therefore, dissection may be missed. Therefore, it remains important to review
both source images of the CE-MRA sequence, together with SSFP images and MPR in
patients with suspicion of or known aortic dissection. It is not advisable to make a
diagnosis based solely on the projection images.

Magnetic resonance angiography of the renal arteries

Renal artery stenosis is regarded one of the most common manifestations of systemic
atherosclerosis. It is a progressive disease and is more seen in elderly. Increased
prevalence in patients with coronary artery disease and peripheral artery disease are
reported.84'85 Typically, stenosis of the renal artery either involves the origin of the
renal artery or the proximal third part or it is caused by an aortal atherosclerotic
plague impinging on the ostium of the renal artery. Patients with renal artery stenosis
often have bilateral renal artery stenoses.® Luminal diameter narrowing of more than
50 to70% is considered hemodynamically significant.

In young patients, renal arterial stenosis can be caused by fibromuscular dysplasia
(FMD). FMD is a idiopathic, non-atherosclerotic, segmental disease of the arterial wall
leading to stenosis, aneurysm, dissection and/or occlusion of small to medium-sized
arteries, especially renal and carotid arteries and predominantly occurs in young and
female patients. When the renal arteries are involved, it may cause secondary
hypertension.®’
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The standard of reference to determine the diagnosis of renal artery stenosis
anatomically is catheter renal angiography, i.e. DSA. Direct measurement of
hemodynamic characteristics is possible by involving transstenotic pressure
measurements and if necessary, revascularization can be performed immediately.
However, DSA has known limitations as the use of ionizing radiation and iodinated
contrast. Moreover, DSA is an invasive imaging tool with possible risk of
complications.

Nowadays, non-invasive imaging modalities have replaced DSA in the diagnosis and
work-up in patients with suspected renal artery stenosis in clinical practice. Doppler
ultrasonography is a frequently used imaging modality to evaluate renal vasculature.
DUS is a widely available, non-invasive and radiation-free technique that allows
anatomic assessment of renal artery stenosis and measurement of renal artery flow
patterns. To characterize significant renal artery stenosis, several DUS measures have
been proposed, e.g. renal-to-aortic peak systolic ratio,sg’89 and renal peak systolic
velocity.go’91 Zeisbrich et al®®> showed that real-time contrast-enhanced
ultrasonography was superior to conventional Doppler ultrasonography in
microvascular perfusion changes in allografts. Contrast-enhanced ultrasonography can
play a role as a complementary imaging tool to assess renal artery stenosis and
detailed qualitative and quantitative information on renal microvascular perfusion.
Doppler ultrasonography is, however, time consuming, highly operator dependent,
and can be technical challenging in obese patients.

Modern multi-slice CT scanners permit rapid high resolution imaging with accurate
first-pass contrast timing in patients with renal arterial disease. High accuracy of CTA
for diagnosing significant atherosclerotic renal stenosis has been reported, with a
sensitivity and specificity of 94% and 93%, respectively.”® Also high sensitivity and
specificity of 100% and 99%, respectively was described for detecting in-stent
recurrent stenosis in patients following percutaneous revascularization.”® Limitations
of CTA are the use of ionizing radiation and iodinated contrast. Another disadvantage
of CTA is its inability to perform physiologic assessment of renal arterial stenosis and,
moreover, severe renal artery calcification may obscure arterial lumen narrowing and
limiting evaluation of stenosis.

CE-MRA is a reliable and fast non-invasive imaging technique providing accurate
visualization of the renal arteries and accessory renal arteries.” Meta-analysis showed
a sensitivity and specificity of 88% to 100%, respectively.96 3D CE-MRA provides
anatomic evaluation of renal arteries. Additionally PCA images can be acquired,
adding functional information about renal arterial flow (Figure 4.4). In clinical practice,
this can help for example in the analysis of the hemodynamic significance of an
intermediate-grade renal artery stenosis (40%—70%), which cannot be reliably derived
from vessel diameter measurements alone. In these cases, PCA can be used as an
adjunct to CE-MRA for assessing and grading the hemodynamic relevance of
intermediate-grade renal stenosis for decision on proper treatment strategies.97'98
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Figure 4.4  (A) 3D CE-MRA (maximum-intensity-projection) shows a short stenosis of the right proximal
renal artery (arrow). (B) 3D phase contrast MRA shows a signal void at the site of the
hemodynamic significant stenosis (arrow).

Typically, an MR imaging protocol for renal artery evaluation consists of a survey or
localizer sequence, a contrast bolus timing sequence (test bolus or fluoroscopic real-
time imaging), a 3D CE-MRA sequence pre- and post-contrast, and a PCA sequence.
For optimizing signal and image quality a body phased-array coil should be applied. A
fast 2D balanced-gradient-echo sequence or Fast Spin Echo (FSE) sequence can be
used as survey sequence. The survey scan is performed in the same breath holding
position as utilized for the 3D CE-MRA acquisition. Preferably, this breath holding is
end-expiration.** A pre-contrast 3D scan is acquired to control proper positioning of
the 3D volume and rule out aliasing artifacts. After intravenous administration of Gd
contrast (0.1-0.2 mmol/kg body weight), the 3D CE-MRA sequence is performed.
Typically, the 3D CE-MRA images have an acquired in-plane resolution of
approximately 1 mm x 1 mm and a slice thickness of 2-2.5 mm. The 3D volume is
positioned in coronal plane and acquired during breath holding (less than 20 seconds).
Following the 3D CE-MRA the PCA sequence is acquired with a standardized typical
velocity of 35 cm/s in the right-left direction, 35 cm/s in the anterior-posterior, and
100 cm/s in the feet-head direction, respectively. Post-processing of the acquired 3D
CE-MRA and PCA data, using multi-planar reconstruction and maximum intensity
projection is essential for renal artery evaluation and permits detailed analysis in all
desired planes. In all patients, but especially in those with suspected renal artery
stenosis, referred for CE-MRA, the eGFR should be assessed prior to the MRI
examination, to rule out possible NFS-related complications.

Significant renal artery stenosis may activate the renin-angiotensin-aldosteron system
and is associated with arterial hypertension, ischemic nephropathy, and chronic
kidney disease. The main options for treatment of renal arterial stenosis

include percutaneous or surgical by-pass revascularization, or medical therapy. Large,
randomized trials showed no significant difference in systolic blood pressure® or only
revealed a reduction of 2 mmHg in systolic blood pressure in patients with
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revascularization in combination with medical therapy when compared to medical
therapy alone.'® Moreover, renal artery revascularization did not show significant
clinical benefit concerning prevention of clinical events.”®

However, meta-analysis also showed that patients with atherosclerotic renal artery
stenosis proofed better control of diastolic blood pressure and a reduction in the
mean number of antihypertensive drugs after endovascular treatment. "%

Selected subgroups of patients, e.g. patients with accelerated or malignant
hypertension, difficult to control blood pressure, young patients with FMD, or at risk
of progressive nephropathy and end-organ failure may benefit from renal arterial
revascularization."*>'%

Magnetic resonance angiography of the mesenteric arteries

Atherosclerotic vascular disease of the mesenteric arteries is the leading cause of
chronic mesenteric ischemia (CMI). In asymptomatic elderly patients, significant
mesenteric arterial disease, i.e. a stenosis of more than 70% or an occlusion, has been
reported in 18% in a population-based prevalence study.105 However, significant
mesenteric arterial stenosis does not necessarily indicate the presence of mesenteric
ischemia cIinicaIIy.106 The mean reason for this is that the mesenteric arterial
circulation contains multiple collateral pathways between the celiac artery, superior
mesenteric artery and inferior mesenteric artery. Therefore, involvement of
atherosclerosis in the mesenteric arteries in patients with generalized atherosclerosis
infrequently leads to symptoms of chronic mesenteric ischemia. The collateral
pathways of the mesenteric arterial circulation include the pancreatico-duodenal
arcade, arc of Riolan, arc of Buhler, arc of Barkow and the marginal artery of
Drummond. In general in patients with symptoms of CMI, two of the three mesenteric
arteries show significant stenosis or occlusion. 1% Mostly, patients with stenosis of
one of the three mesenteric arteries do not present symptoms of CMI,109 however,
CMI has been reported in isolated mesenteric arterial stenosis.™*

In patients with CMI, mesenteric arterial stenosis or occlusion compromise the blood
flow to the intestine leading to postprandial abdominal pain, so-called angine
abdominale. Typically, this pain starts within 30 minutes of eating and can last for
several hours. This may lead to avoidance of food and significant weight loss. Patients
may also present with atypical symptoms as nausea, vomiting, diarrhea, constipation,
or colitis. In the majority of patients, diagnosis of CMI is established in an advanced
stage of the disease.

The incidence of CMI increases with age, is more prevalent in women and in patients
with risk factors for atherosclerotic vascular disease such as history of smoking,
hypertension, and hyperlipidemia.111 Less commonly CMI occurs in young patients

64



Cardiovascular Magnetic Resonance Angiography

with fibromuscular dysplasia, Takayasu’s vasculitis, polyarteritis nodosa, arterial
dissection, abdominal aortic anaurysm or post-radiation therapy.

Clinical diagnosis of CMI is established on clinical symptoms and consistent imaging
characteristics. ldentification of stenotic arterial mesenteric disease without
associated clinical symptoms is not diagnostic of CMI.

For diagnosing CMI, conventional DSA remains the reference standard.
Advantageously, an endovascular therapeutic procedure can be performed at the
time of diagnosis of mesenteric arterial stenosis. However, DSA is an invasive
procedure with the already mentioned disadvantages such as the exposure to
radiation, nephrotoxic iodinated contrast, and the invasive procedure is associated
with complications.112 In common clinical practice, MRA and CTA have replaced DSA
as imaging tool in the work-up of patients suspected for CMI.

In patients suspected of CMI, Doppler ultrasound is useful for screening and is the
preferred initial imaging modality. Visualization of high-grade stenoses in the celiac
artery or superior mesenteric artery associated with CMI may be technically
challenging, especially due to overlying bowel gas or patient’s habitus. When
compared to angiography, the celiac and superior mesenteric artery are accurately
visualized in more than 80% and 90%, respectively.113 The inferior mesenteric artery
can hardly be evaluated by Doppler ultrasound due to its anatomical location.™™* Peak
systolic velocity (PSV) has been widely used for evaluating celiac and superior
mesenteric arterial disease with a sensitivity and specificity for diagnosing
hemodynamically significant stenosis of 92% and 96%, and 87% and 80%,
respectively.'”

Van Petersen et al.” showed that stenosis in the celiac or superior mesenteric artery
results in an increase of flow velocities in the other mesenteric arteries. The increase
in flow was correlated with the presence of collateral vessels. This may lead to
overgrading or mimicking stenosis in the other mesenteric artery. Therefore, Doppler
ultrasound should be used only as an initial screening imaging tool and in case of
demonstrated arterial stenosis further evaluation by performing MRA or CTA is
required.

CTA is considered the first-line alternative to diagnostic DSA for evaluation of CMI.
Especially in the emergency situation of the suspicion of an acute mesenteric
ischemia, CTA is the most appropriate imaging modality. It is a fast non-invasive
imaging technique and widely available. Acquired 3D data sets can be post-processed
in varying planes and other causes for abdominal pain can be evaluated. For stenosis
grading of mesenteric arteries high sensitivity and specificity of 100% and 95%,
respectively with DSA as the reference standard were reported.”’ However,
diagnostic value of CTA may be limited with the presence of extensive calcifications.
Other known drawbacks include the use of radiation and iodinated contrast,
therefore, CE-MRA is a an accurate and reliable alternative non-invasive imaging tool
for diagnosing CMI. 3D CE-MRA has a high sensitivity and specificity ranging from
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92-100% and 95-100%, respectively.m'm'119 CE-MRA has, however, a limited role in
the evaluation of distal mesenteric arteries and depicting stenosis in the inferior
mesenteric artery.?%'*!

Routinely, 3D CE-MRA is acquired with the patient in supine position utilizing a surface
phased-array coil for optimizing SNR. As with other previously described 3D CE-MRA
protocols, the mesenteric arteries are evaluated with a protocol which comprises a
survey or localizer sequence, a contrast bolus timing sequence (test bolus or
fluoroscopic real-time imaging), and a 3D CE-MRA sequence pre- and post-contrast.
Spatial resolution and slice thickness should be tailored for the individual patient that
the 3D volume can be imaged in one single breath-hold. The same breath holding
position is utilized for the survey scan and the 3D CE-MRA acquisition. The pre-
contrast 3D scan can be used to check correct positioning of the 3D volume and rule
out aliasing artifacts, as was discussed previously. 3D CE-MRA sequence is performed
after intravenous administration of Gd contrast (0.1-0.2 mmol/kg body weight). The
3D volume slab is positioned in sagittal plane, if the primary clinical indication is to
determine arterial disease of the mesenteric arteries, which occurs mostly proximal in
the course of the mesenteric arteries. Also the coronal plane can be used to include
the aorta and portal vein. In addition to the arterial phase, the sequence can be
repeated to obtain the portal and systemic venous phase. Typically, images are
required with an in-plane resolution of approximately 1-2 mm and a slice thickness of
1-2 mm, resulting in a breath-hold of 10-20 seconds.’”

CE-MRA should be performed in both inspiration and expiration when median arcuate
ligament syndrome is suspected (Figure 4.5). In median arcuate ligament syndrome,
the celiac artery is compressed by the central tendon of the diaphragm crura. The
classical finding is a smooth narrowing of the proximal celiac artery in expiration,
diminishing or disappearing in inspiration. With inspiration, the celiac artery moves
inferiorly and more vertically alleviating the compression of the ligamentous band. By
performing 3D CE-MRA in both inspiration and expiration the diagnosis can be
obtained and differentiated from atherosclerotic arterial disease.

Non-CE- MRA such as TOF and PCA are flow-dependent MR techniques and may suffer
from decreased sensitivity and specificity due to slow flow and artefacts from
turbulence overestimating stenosis. SSFP techniques demonstrated a superior
visualization of the inferior mesenteric artery when compared to CE-MRA' and may
play a role in patients with contra-indications for intravenous administration of Gd-
based or iodinated contrast media.

66



Cardiovascular Magnetic Resonance Angiography

Figure 4.5 A patient diagnosed with the arcuate ligament syndrome shows significant narrowing of the
celiac artery (arrow) on CE-MRA (maximum-intensity-projection) during expiration (A)
disappearing in inspiration (B) (arrow). (C) shows CE-MRA during inspiration after surgical
release of the median arcuate ligament (arrow).

Magnetic resonance angiography of the peripheral arteries

Peripheral arterial disease (PAD) is a common clinical manifestation of atherosclerosis
and is — together with coronary artery disease and stroke — one of the leading causes
of atherosclerotic cardiovascular morbidity.124 It has been estimated that around
8.5 million people in the United States of America are effected by PAD over the age of
40 years.125 Due to raised life expectancy, the prevalence of PAD increased over the
last decades by more than 20% and has become a global problem affecting more than
200 million people worldwide,*** causing a global increase in morbidity and mortality
associated with PAD."”® Prevalence rates increase with age, and the prevalence in men
and women is similar."”’ However, in the last decades women experienced a more
dramatic increase in morbidity and mortality from PAD when compared with men.'®
Risk factors significantly associated with the incidence of PAD are smoking, diabetes
mellitus, hypertension, hypercholesterolemia, and chronic kidney disease.”® Markers
of inflammation and thrombosis are also associated with PAD." Intermittent
claudication is the classic symptom in PAD, however described in only about 10% of
patients with PAD,130 whereby men are more likely to have classic symptoms of
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claudication. The large majority of patients show a wide range of leg symptoms or are
even asymptomatic.

PAD is associated with increased risk for cardiac and cerebral events and
moreover, several reports showed an up to six times higher risk for mortality from
cardiovascular causes and a 2.5 times higher overall mortality rate in patients with
symptomatic PAD."""* Therefore, assessment of risk factors for risk stratification in
patients with PAD is very relevant.”*

Assessment of risk factors such as hypertension, diabetes mellitus, body mass index,
levels of triglyceride and high-density lipoprotein in blood plasma samples, and ankle-
brachial index is essential when risk factor reduction is pursued. Moreover, the
usefulness of non-invasive imaging for risk assessment in cardiovascular disease is
recognized,135 e.g. the assessment of MR imaging biomarkers such as mean MRA
stenosis and pulse wave velocity showed prognostic value for all-cause mortality and
cardiac events in patients with symptomatic PAD."®

Clinically, symptoms in patients with PAD can be staged according the Fontaine or
Rutherford classification. The Fontaine classification">”"*® is divided in four different
stages, stage |: asymptomatic, stage lla: intermittent claudication after more than
200 meters of pain free walking, stage Ilb: intermittent claudication after less than
200 meters of walking, stage lll: rest pain or nocturnal pain, and stage IV: ischemic
ulcers or gangrene.

The Rutherford classification™”** is divided in three grades. Grade | compromises
category 0: asymptomatic, category 1: mild claudication, category 2: moderate
claudication, and category 3: severe claudication. Grade Il compromises category
4: ischemic rest pain, and category 5: minor tissue loss, nonhealing ulcer or focal
gangrene. Grade Il compromises category 6: major, severe ischemic ulcers or
gangrene. Both the Fontaine and the Rutherford classifications may be used routinely
in clinical practice or in research settings.

For the evaluation of patients with symptomatic PAD, several non-invasive tests such
as segmental blood pressure, pulse volume recording, Doppler ultrasonography and
ankle-brachial index (ABI) are widely available. These inexpensive techniques are
easily repeatable and commonly used for the initial screening to analyze the presence
and location of atherosclerotic arterial disease of the run-off arteries.’*>**° However,
Doppler ultrasonography is highly operator dependent141 and has several other
drawbacks, such as hampered evaluation of peripheral arteries in obese patients and
it is difficult to obtain consistent high image quality in the run-off vessels distal to the
popliteal artery. ABl is commonly used as a first-line diagnostic imaging tool in clinical
practice. Normal ABI range of 1.00 to 1.40, and an abnormal value is defined as
<0.90."? ABI values of 0.91 to 0.99 are regarded “borderline” and values >1.40 are an
indication for non-compressible arteries. Moreover, several studies reported ABI to
predict all-cause mortality and cardiovascular events in cardiovascular
disease.’**% A low ABI is a strong indicator of the presence of PAD, however, due

131,132
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to false-negative rates a normal ABI does not rule out the risk of PAD**® and ABI may

underestimate the prevalence of atherosclerotic arterial disease of the lower
extremities when compared to CE-MRA."Y

DSA is still considered as a standard reference for the evaluation of stenosis in PAD.
However, due to the invasive character and the risk of possible complications DSA is
generally not used as a diagnostic imaging tool. Moreover, because of technical
developments of non-invasive imaging techniques such as CTA and MRA, DSA is
consequently indicated only in patients with symptomatic PAD for whom
percutaneous revascularization is planned or in patients with contra-indications for
performing a CTA or MRA examination.

For further work-up and planning of revascularization in patients with symptomatic
PAD, CTA and MRA are widely available and used in clinical practice. CTA is an
accurate technique for evaluating stenosis severity in patients with PAD. Modern
multi-slice CT scanners allow rapid acquisition of high-resolution, thin CT images.
Accurate timing of the data acquisition during maximal arterial contrast enhancement
provides detailed imaging of the run-off arteries. Meta-analysis estimated a sensitivity
and specificity for CTA of 96% and 95%, respectively. However, CTA requires radiation
and the use of iodinated contrast material as stated before. Moreover, arterial wall
calcification may compromise diagnostic image quality and hamper stenosis
evaluation especially in patients with diabetes mellitus and renal failure."®

For the detection of peripheral arterial disease, CE-MRA is superior to the
conventional non-CE-MRA techniques, such as 2D TOF or PCA. These conventional and
older non-CE-MRA techniques were highly time consuming and moreover, suffered
from artifacts caused by turbulence and in-plane saturation. In a meta-analysis,149 the
sensitivity and specificity for the detection of significant stenosis (>50% luminal
reduction) for 2D TOF ranged from 64% to 100% and 68% to 96%, and for CE-MRA
92% to 100% and 91% to 99%, respectively.

In CE-MRA the run-off vessels are imaged during the arterial first pass of gadolinium-
based contrast material after intravenous injection (Figure 4.6). Precise bolus timing is
essential for CE-MRA. Starting the acquisition too early, when the contrast bolus is still
arriving in the vessels of interest, can cause ringing or Maki artefacts.” Starting the
acquisition too late can cause venous enhancement hampering image quality,
especially in de lower legs. Arterial imaging is thus performed in the time window
between arterial and venous enhancement. This time window depends on the rate of
contrast agent injection, and will be patient specific."" Arterial enhancement must
coincide with data read-out of the central k-lines, and for improved arterial/venous
differentiation, the central k-lines have to be sampled before venous return.

To cover the whole region of the distal abdominal aorta and the run-off vessels, two
methods are clinically used: the single-injection 3-station moving-table (bolus-chase)
technique and the multi-station/multi-injection method. In both methods, imaging is
performed in a coronal orientation with usually three stations with overlapping field-
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of-views , covering the complete anatomic region. Typically, the first station covers
the distal abdominal aorta and pelvic region, the second station the upper legs and
the third station lower legs. The quadrature body coil (QBC) or phased-array surface
coils are used for signal transmission and reception. In both techniques, 3D volumes
are planned on acquired 2D TOF survey images. Thereafter, pre-contrast mask images

are acquired in all stations. Subtraction of the pre-contrast mask images from the
150

contrast-enhanced images will suppress surrounding tissue.

Figure 4.6  CE-MRA showing normal anatomy of the peripheral arteries.

70



Cardiovascular Magnetic Resonance Angiography

In the bolus-chase technique, a biphasic contrast material injection protocol is
typically used. The first half of the contrast bolus is administered at a flow rate of 1.0-
1.2 mL/s and the remaining half at 0.5-0.6 mL/s. Contrast injection is followed by a
saline flush at 0.5-0.6 mL/s. Modern commercially available 1.5T and 3T MR scanners
allow acquisition of CE-MRA of the run-off vessels with a bolus-chase technique with
excellent diagnostic performance.’"

In the multi-station/multi-injection approach, the three regions of the legs stations
are acquired sequentially with two or three separate bolus injections of contrast
medium."* Contrast is injected at a rate of 1 to 1.5 ml/s, resulting in high signal
intensity in the arteries. However, a disadvantage of this approach is that it is more
time consuming, when compared to the bolus-chase technique. However, in patients
with multiple risk factors, adequate arterial enhancement with minimal venous
enhancement can be obtained with this technique.”* The first station covering the
distal abdominal aorta and pelvic region is acquired during breath-holding and the
acquired resolution is of the first two stations is 1.3 mm x 1.3mm with a slice
thickness of 3 mm, typically. The third station covering the lower leg scan be acquired
with a submillimeter voxel size, allowing accurate diagnostic evaluation.”™

Acquired high-resolution image data can be post-processed using multi-planar
reconstructions or maximum intensity projections, however for obtaining an adequate
diagnosis, evaluation of 2D source images is essential. Furthermore, the role of CE-
MRA in the evaluation of possible restenosis in (metallic) stents is limited due to
dephasing of MRI signal, causing signal void. New developments in MR imaging
technology provide large homogeneous field-of-view at 3T revealing robust CE-MRA
of the complete vascular tree of the run-off vessels allowing accurate clinical
evaluation of patient on high field 3T scanners.”™ Moreover, two-point Dixon fat
suppression allows subtractionless CE- MRA, avoiding possible misregistration
artifacts between pre-contrast mask dataset and contrast-enhanced images.155
Furthermore, new techniques, such as three-station bolus-chase MR angiography with
real-time fluoroscopic tracking and precise triggering of table motion can provide
high- resolution imaging of the run-off vessels. These new developments potentially
can reduce contrast material dose and examination time."®
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