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Within less than a decade following its initial
description by Prince et al in 1993 [1], three-dimen-
sional contrast-enhanced MR angiography (MRA)
has been firmly established as an accurate noninva-
sive alternative for the diagnostic assessment of
almost all vascular territories including the intra-
thoracic vessels. The technique combines the intra-
venous administration of paramagnetic contrast
agents with the ultrafast acquisition of T1-weighted
three-dimensional gradient echo data sets [1]. Con-
trast-enhanced three-dimensional MRA exploits the
contrast-induced T1 shortening effects during the
intra-arterial phase of the contrast agent. The availa-
bility of high-performance gradient systems permits
the acquisition of complex three-dimensional data
sets within the confines of a comfortable breathhold
interval of under 30 seconds.

Contrast-enhanced three-dimensional MRA is
able to overcome known limitations of conventional
black blood and bright blood MRA techniques
including cardiac and respiratory pulsation artifacts,
poor signal-to-noise, susceptibility effects, and arti-
facts at air-tissue interfaces. Image quality is no
longer related to flow or saturation [2,3]. Cardiac or
respiratory gating is no longer necessary.

This article describes existing state-of-the-art con-
trast-enhanced three-dimensional MRA techniques
for the assessment of the intrathoracic arterial and
venous systems. Technique-related aspects are high-
lighted and the existing clinical experiences are
summarized. Finally, developing techniques, which
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are likely to enhance further the impact of thoracic
MRA in the future, are discussed.

Technical considerations

Contrast-enhanced three-dimensional MRA of the
thoracic vasculature offers several advantages over
conventional MRA techniques, including shorter
acquisition times and high spatial resolution in con-
junction with high signal- and contrast-to-noise. In
many centers, the availability of contrast-enhanced
three-dimensional MRA has profoundly impacted
diagnostic strategies for exploring the thoracic vas-
cular system [4—6]. Requiring only a peripheral
intravenous catheter and administration of contrast
agents characterized by an excellent safety profile
[7,8], three-dimensional MRA techniques has vastly
lowered the threshold for assessing the arterial and
venous morphology of the thoracic vessels.

Paramagnetic contrast agents are pivotal for dis-
playing the vascular system with fast three-dimen-
sional gradient echo sequences. Without the presence
of paramagnetic contrast, these sequences, character-
ized by very short repetition and echo times, render
nondiagnostic images void of any intravascular signal.
The presence of paramagnetic contrast in the vascular
system over the length of the data acquisition period is
crucial for successful contrast-enhanced three-dimen-
sional MRA.

Paramagnetic contrast shortens the T1 relaxation
time of blood. Gadolinium (Gd), the most commonly
used paramagnetic substance, has a high relaxivity
and a favorable safety profile when bound to a
chelate. During the short intravascular phase the
intravenously injected T1 shortening contrast agent
provides signal in the arterial and venous systems,
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elevating the vessel to background contrast-to-noise
ratio and eliminating flow artifacts. The signal of
flowing blood is no longer flow-dependent. Flow-
induced artifacts seen with noncontrast time-of-flight
or phase-contrast MRA techniques are largely elimi-
nated, and images can be collected in the plane
coinciding with the course of the vessels of interest.
This allows coronal coverage of large vascular terri-
tories in short imaging times and generates images
that are similar in appearance to conventional cathe-
ter-based radiograph angiography [9].

Although similar in principle to spiral CT angiog-
raphy, contrast-enhanced MRA holds considerable
advantages. Beyond the absence of ionizing radiation
and the ability to depict large vascular territories in
three-dimensional imaging volumes, harmful side
effects of the paramagnetic contrast agents used for
the MRA examination are considerably less frequent
and less severe than those associated with the iodi-
nated contrast used in CT angiography. Paramagnetic
contrast agents are nonnephrotoxic and have a low
incidence of anaphylactoid reactions [8]. They are
safe for use in patients with renal insufficiency and in
patients with a history of allergic reactions to iodi-
nated contrast media. Finally, on contrast-enhanced
three-dimensional MRA images only the contrast-
filled vessels are displayed. In addition, bones and
calcium remain dark facilitating interpretation and
subsequent postprocessing of the underlying three-
dimensional data sets.

Contrast-enhanced three-dimensional MRA has
been shown to be useful for the depiction of the
supra-aortic arteries, the thoracic and abdominal aorta,
and its major branch vessels. In its initial implementa-
tion, lengthy imaging times ranging between 3 and 5
minutes precluded data acquisition during a breathhold
[10]. Ensuing respiratory motion artifacts considerably
degraded image quality. Breathhold data acquisition
did become possible with the use of improved gradient
systems permitting considerable reductions in the
minimum repetition (TR) and echo times (TE)
[9,11]. The implementation of fast three-dimensional
gradient echo sequences on high-performance systems
permits the acquisition of complex three-dimensional
data sets within the confines of a comfortable breath-
hold in as little as 5 to 20 seconds [12]. This dramatic
reduction of scan time has even allowed the collection
of temporally resolved three-dimensional data sets
[13]. The transit of the paramagnetic contrast agent
through the vascular system can be depicted. Ultrafast
three-dimensional data acquisitions in conjunction
with fast table feeds also permit chasing the contrast
bolus through several vascular territories extending all
the way to whole body MRA [14,15].

Paramagnetic contrast

There are several paramagnetic contrast agents
available today. Currently, only extracellular nonbind-
ing Gd chelates with a concentration of 0.5 mol/L
have regulatory approval for use in humans [16]. In
the United States, no agent is currently approved for
MRA by the Food and Drug Administration and any
such use constitutes off-label use of an approved drug.
Several paramagnetic intravascular Gd-based agents
and superparamagnetic compounds are currently
undergoing clinical and preclinical testing [17—20].

With higher infusion rates the local concentration
of the contrast in the vessel of interest is higher, but
because of a faster venous return there is a shorter
arterial-venous time window for imaging. Contrast
compounds with higher concentration formulations,
such as Gadovist 1 mol/L (Schering, Berlin, Ger-
many), might be advantageous when slow infusion
protocols are used. Preliminary results comparing
a 0.5 mol/L contrast agent (Magnevist, Schering,
Berlin, Germany) with Gadovist 1 mol/L in pelvic
MRA are very promising with regard to arterial
enhancement [21].

Some newer agents, such as Multihance (Bracco,
Milan, Italy), have higher relaxivity because of a
transient binding to albumin and different routes of
excretion but are still distributed into the extracellular
space. Blood pool or intravascular contrast agents are
sufficiently large or bind to large molecules when
injected. This prevents them from leaking out of the
capillaries and confines them to the intravascular
compartment for extended periods of time. The major
disadvantage of intravascular contrast agents is the
early venous enhancement leaving a short window
for arterial imaging. This represents a particular
problem in the lower legs, where venous overlap
can seriously impair the ability to assess the arteries.
These agents are likely to play a dominant role in the
assessment of the coronary arteries [22,23].

In view of the rapid progress of MRA techniques
using extracellular agents, the future of intravascular
contrast agents for morphologic imaging of the arte-
rial vascular tree (with the exception of the coronary
arteries) remains uncertain.

The paramagnetic agent is generally administered
by an intravenous catheter placed into an antecubital
vein. To achieve maximal image quality, the presence
of the intravenously administered contrast bolus in
the vascular territory under consideration must coin-
cide with the data acquisition period. Several manual
and automated techniques are available to ensure
proper timing of the scan delay and are discussed
later. Maximal contrast concentration in the vessel of
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interest should be achieved during the acquisition of
the central, contrast-determining portion of k-space.

Poor timing of the contrast application affects
image quality in different ways: venous overlap,
ringing artifacts, or insufficient signal within the
vessels of interest can occur [24,25]. To ensure the
exact synchronization of arterial enhancement with
the acquisition of arterial-phase Gd-enhanced three-
dimensional MRA, different strategies have been
developed to optimize timing including the use of
a test bolus, fluoroscopic triggering, and an auto-
mated detection system, which triggers the initiation
of scanning when contrast material is detected in a
predefined area of interest. Optimal timing of con-
trast administration results in three-dimensional
MRA data sets void of ringing artifacts and venous
overlap [26].

Using a fixed scan delay is the simplest means of
applying the paramagnetic contrast agent and works
in most instances for MRA of the thoracic arteries
[27]. The contrast bolus should commence 10 sec-
onds before the beginning of data acquisition and
encompass the entire scan time. Age, body weight,
and heart rate are some of the parameters that make it
more difficult to predict the circulation time. Test
bolus timing techniques are established and simple to
use. Following the injection of a 1- to 2-mL test bolus
of paramagnetic contrast, images of the target vessel
are collected using a rapid two-dimensional gradient-
echo pulse sequence, preferably in the axial plane,
with a temporal resolution of one image every 1 to
2 seconds. Arrival of contrast agent is detected by a
transient signal increase, hence the appropriate time
delay to align the central k-space with arterial
enhancement can be calculated [9,28]. For centrically
encoded sequences, the delay of data acquisition
corresponds to the time the test bolus needs to reach
the target volume. Recent investigations reveal that
examinations after bolus testing showed significantly
superior signal-to-noise ratio (SNR) as compared
with examinations without a test bolus [29].

Other bolus-timing techniques are based on real-
time triggering. There are two similar approaches.
Line scanning measures the signal intensity within an
operator-defined monitoring volume and subse-
quently initiates data acquisition following bolus
arrival automatically [30]. Hand fluoroscopic ima-
ging uses visual cues identifying the contrast agent to
be present in the vessels under investigation. The
three-dimensional MRA sequence is subsequently
triggered manually to capture peak contrast. These
timing methods generally are based on the use of
centric view ordering of k-space for the three-dimen-
sional acquisition. The fluoroscopic-triggered three-

dimensional elliptical centric view ordering technique
has shown a reliability exceeding 90% in detecting
the bolus arrival [31,32].

Faster gradient sets now permit for the acquisition
of time-resolved three-dimensional MRA. To en-
hance the speed of data collection further these
techniques use a host of methods including vari-
able-rate k-space sampling, view sharing, temporal
interpolation, and zero filling. The method ensures
the acquisition of data and reconstruction of images at
time points before, during, and after the contrast
agent passes through the vessels of interest. The need
for timing the contrast bolus is eliminated [13,33,34].
Time-resolved three-dimensional MRA is highly
robust because it is virtually operator independent.
In most applications the required high temporal
resolution can be achieved only at the price of
compromising spatial resolution. The application of
sensitivity encoding and simultaneous magnetization
of spatial harmonics parallel imaging techniques is
likely to provide both high temporal and spatial
resolution [35].

Intravenously administered Gd doses range
between 0.05 and 0.3 mmol/kg body weight depend-
ing on the vascular territory under investigation.
Doses between 0.1 and 0.2 mmol/kg body weight
Gd-based contrast agent were reported to be sufficient
for most single-station MRA examinations [7,16].
Even lower dosing (0.075 mmol/kg) can be used in
time-resolved MRA [36]. The resulting injection
volume of 15 to 40 mL should be administered at a
rate between 1.5 and 2.5 mL/second. The role of
injection rate on image quality is still being deter-
mined. If the injection rate is too fast, k-space
modulation occurs, degrading image quality and
increasing ringing artifacts [25]. Carroll et al [24]
determined that lowering the injection rate reduces
changes in signal versus time and results in less
blurring without a significant loss of vessel contrast.

The actual flow rate should be adjusted to ensure
injection of the entire contrast volume in a period not
exceeding the acquisition time. Regardless of the
timing regimen or imaging technique, use of an
automated injector facilitates contrast timing and
delivery because it allows precise infusion using
predefined weight-adjusted rates and volumes.

For imaging the thoracic veins, diluted contrast
(1:10 to 20) should be injected directly into the
affected side. For a comprehensive display of the
entire venous system, both arms can be injected
simultaneously. An alternative method for central
venous imaging is to administer a diluted dose of
Gd-chelate contrast media directly into the vein of
interest [37,38].
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Pulse sequence considerations

The pulse sequence design for contrast-enhanced
MRA is based on a three-dimensional Fourier trans-
form gradient recalled echo (GRE) sequence using
rapid radiofrequency pulsing. Optimization of MRA is
related to rapid data collection. The fastest possible
three-dimensional imaging sequence, typically a fast
three-dimensional gradient echo pulse, should be used.
To achieve maximal T1 weighting, spoiled sequences
should be used. Spoiling is useful because it destroys
the residual magnetization after each echo and mag-
nifies the effect of T1 relaxation agents. Repetition and
echo times should be as short as possible. The newest
generation of commercially available 1.5-T MR
imaging scanners provides three-dimensional gradient
echo pulse sequences with minimal repetition times of
less than 2 milliseconds and minimal echo times of less
than 1 millisecond. A flip angle ranging between 10
and 25 degrees provides adequate suppression of the
surrounding tissues and has been shown to render
excellent image quality: the longer the repetition time,
the lower the flip angle.

Thoracic contrast-enhanced three-dimensional
MRA data need to be collected within a breathhold
to minimize the artifacts related to respiratory motion.
The partition dimensions (ie, partition thickness,
matrix size, and field-of-view) should be prescribed
to achieve the smallest possible voxel size to allow
for sufficient spatial coverage of the target vessel.
Section thickness should be adjusted to be between

1.5 and 2.5 mm to ensure full coverage of the
vascular system under consideration and still permit
multiplanar reformations. To ensure full coverage,
between 48 and 64 thin contiguous sections need to
be collected.

Imaging time can be decreased further using
partial Fourier imaging, decreased number of parti-
tions, decreased phase-encoding steps, or a rectangu-
lar field of view. Widening bandwidth also makes for
faster scanning, although this causes a reduction in
SNR. These improvements in image speed can be
used to improve image resolution (ie, decrease voxel
size). Zero-filling, although not improving the true
spatial resolution, generates better reformations and
maximum intensity projections and reduces partial
volume averaging errors. Sensitivity encoding and
simultaneous magnetization of spatial harmonics
imaging are newly developed techniques that enable
further reductions in scan time, while maintaining
spatial resolution (Fig. 1). The accompanying 30% to
55% reduction in SNR does not seem to affect image
quality adversely because of the high concentration of
the contrast compound in the vasculature during data
collection [39,40].

It is well recognized that, to ensure image quality,
the contrast must be near or at the peak concentration
in the vasculature of interest when acquiring the
central phase-encoding views of the MRA. In prin-
ciple there are two different methods for k-space
phase ordering: conventional sequential phase order-
ing where the center k-space views are collected in

Fig. 1. Normal contrast-enhanced MRA of the thoracic aorta in a 28-year-old healthy volunteer acquired in the coronal plane. (A)
Maximum intensity projection (MIP) reformation of a coronal three-dimensional MRA data set using a standard phased array
coil. (B) Coronal MIP image achieved with twofold simultaneous magnetization of spatial harmonics reduction using a new six-
element cardiac array. (C) Coronal MIP image with twofold sensitivity encoding reduction. A spatial resolution of 1.7 x 0.8 X
1.8 mm?® was achieved with decrease of scan time almost to 50% in Fig. 1B and C. Despite the intrinsic drawback in signal-to-
noise ratio, the coronal MIP is of nearly identical diagnostic value.
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the middle of the imaging period, and centric phase
ordering that enables the acquisition of the crucial
image contrast data at the beginning of the sequence
[9]. View order with elliptic centric phase encoding
has been shown to be centric in both phase-encoding
directions, which provides minimal sensitivity to
motion artifact caused by loss of breathhold
[32,41]. To facilitate the timing of the contrast bolus
most manufacturers now provide centrically encoded
sequences for the performance of MRA.

Other techniques

The recently developed steady-state free preces-
sion (SSFP) gradient echo sequence (ie, TrueFISP,
FIESTA, balanced fast field echo) is characterized by
balanced gradients in all three directions, ensuring
maximum recovery of the transverse magnetization
[42,43]. At the end of the TR, the transverse mag-
netization is refocused, and the next excitation can be
started without further preparation. The image con-
trast with SSFP is determined by favorable T2*-T1
properties that are nearly independent from blood
flow [44]. The main advantage of this sequence

relates to its high signal of fluids, which results in
high contrast delineating vessels as bright structures,
while at the same time delineating all other morphol-
ogy. The use of short TRs is mandatory to avoid
T2* effects and can only be achieved using the most
powerful gradient systems. The short TR and echo
time reduce susceptibility artifacts and lead to
extremely short data acquisition times. Reductions
in acquisition time by a factor of two or three can be
achieved at similar temporal and spatial resolution in
comparison with conventional segmented k-space
gradient echo imaging. Other potential applications
could be the real-time assessment of intimal flap
movement in aortic dissection delineating the rela-
tionship to branch vessels and possible occlusion of
these during systolic or diastolic phase. In addition,
differentiation between true and false lumen or pos-
sible thrombus and slow-flowing blood can be done
easily (Fig. 2).

A vulnerable point in SSFP is patient-induced By
inhomogeneities. A local shim volume should be
used to eliminate these effects locally. Although there
is increasing interest assessing global and regional
ventricular dimensions and cardiac functions, SSFP
has not been proved as the modality of choice for

Fig. 2. A 57-year-old man with unknown right-sided chest pain and raised central venous pressure. Exclusion of suspected
central, chest tumor. (A) Coronal view of venous three-dimensional MRA data set delineating lack of contrast filling in the vena
cava superior. (B) Sagittal view of cine-mode TrueFISP sequence allowing differentiation between completely obstructed vena
cava superior and partially thrombosed right atrium and slow-flowing blood. (C) Coronal maximum intensity projection of the
thoracic vessels in venous phase missing the vena cava superior and delineating collateral flow in azygos and cervicothoracic
veins. (D) TrueFISP four-chamber view showing almost complete clotting of right atrium.
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MRA because, until now, cine MR imaging has relied
exclusively on single-slice techniques requiring mul-
tiple breathhold [44—-46]. For instance, coverage of
the entire aorta required scan times of more than
10 minutes and variations in inspiratory depth led to
discontinuous coverage of the data sets. Recently
developed multislice real-time SSFP cine sequences
capable of covering the entire thoracic or abdominal
aorta in the axial plane promises to resolve these
problems. For this technique, ECG triggering is
needed to synchronize the slices [47].

Another, more troublesome limitation of SSFP is
its enhancement of fat in addition to fluids. This
hinders the postprocessing of maximum intensity
projections. Because of the impact this has on image
evaluation, the usefulness of real-time cine SSFP in
vessel imaging remains doubtful.

Image analysis

The high contrast between Gd-containing luminal
(bright) and extraluminal (dark) spins and the true
three-dimensional nature of the acquired data sets
provides the basis for using a variety of postprocess-
ing algorithms. Analysis should never be limited to
maximum intensity projections or surface-shaded
display. The three-dimensionality inherent to the
technique can only be exploited fully if the data are
viewed interactively on a workstation using multi-
planar reformations. Endoluminal, virtual angioscopic
images can also be obtained, but their clinical rele-
vance is very limited.

Clinical applications

Contrast-enhanced three-dimensional MRA has
proved to be a versatile noninvasive imaging mo-
dality for analysis of thoracic arteries and veins. In
the following sections various imaging indications
involving the thoracic aorta, the pulmonary arteries
and pulmonary veins, and the thoracic systemic veins
are discussed.

Thoracic aorta

Although CT remains the modality of choice in all
acute, life-threatening conditions involving the tho-
racic aorta, contrast-enhanced three-dimensional
MRA has emerged as the imaging modality of choice
for assessing the thoracic aorta in the more stable
patient. The technique overcomes respiratory and
cardiac motion artifacts, which impair noncontrast

MRA image quality to the point of rendering scans of
the thoracic aorta nondiagnostic. The underlying
three-dimensional GRE sequences permit data
acquisition of large fields-of-view in apnea and do
not require cardiac gating. Pulsatility artifacts, how-
ever, sometimes make it difficult to assess the supra-
valvular portion of the ascending thoracic aorta.

Aortic dissection

Beyond establishing the presence of dissection, it
is crucial to define the localization and extent of
disease. In fact, the location and relationship of the
intimal tear are critical to the choice of subsequent
therapeutic management. The Stanford classification
separates aortic dissections affecting the ascending
aorta (Stanford A) from those merely affecting the
descending aorta (Stanford B). Type A dissections
harbor the risk of myocardial infarction because of an
extension of the dissection into the coronary arteries
and of pericardial tamponade secondary to aortic
rupture into the pericardium. Type A dissections
require emergent surgery. Dissections arising distal
to the left subclavian (Stanford B) are less precarious
and are usually managed medically.

The efficacy of three-dimensional MRA in the
assessment and follow-up of aortic dissection is well
established. Three-dimensional MRA of the thoracic
aorta is fast and combines the advantages of arterial
contrast, similar to conventional catheter angiography,
with cross-sectional information. Using multiplanar
reformations, three-dimensional MRA provides a
comprehensive analysis in suspected aortic dissection:
the extent and relationship to branch vessels can be
depicted fully, and the true lumen can be separated
from the false lumen (Fig. 3).

The three-dimensional data set should be obtained
in the orientation optimal for visualization of the
target structure. The diagnostic value of three-dimen-
sional contrast MRA is limited to the assessment of
the aortic lumen. Because aortic dissection can occur
without an intimal flap (intramural hematoma) or
inflammatory diseases (aortitis), an additional delayed
T1-weighted sequence, collected following contrast
administration, is recommended. For this purpose, the
three-dimensional contrast MRA sequence can be
repeated 2 minutes following the contrast administra-
tion or alternatively a T1-weighted GRE or spin echo
sequence can be acquired in the axial plane. Although
ECG gating is not necessary for the collection of a
three-dimensional data set, T1-weighted GRE or spin
echo sequences need to be used in conjunction with
ECG gating. On T1-weighted spin echo images, the
intramural hematoma is identified as concentric thick-
ening of the aortic wall with increased intramural
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Fig. 3. A 64-year-old man with acute thoracic pain. (A) Maximum intensity projection reformats of coronal three-dimensional
MRA data set (oblique sagittal plane) demonstrate aortic dissection distal to the origin of the left subclavian artery. (B) Axial

multiplanar reformation. (C) Sagittal multiplanar reformation.

signal intensity. Inflammatory processes also show
enhancement of the aortic wall and surrounding soft
tissues [10].

Additional functional information can be gath-
ered with the use of cine imaging. Cine phase
contrast acquisitions permit measurement of flow
velocities and flow volumes and can easily differ-
entiate between true and false lumen. Even aortic
valve involvement caused by dissection can be
evaluated. The severity of valvular regurgitation
can be determined with cine gradient echo MR
imaging, which allows measurement of the area of
the signal void corresponding to the abnormal flow
jet. Alternatively, this modality can be used to obtain
ventricular volumetric measurements and calculate
the regurgitant fraction or velocity-encoded cine.
MR imaging can be used to quantify regurgitant
blood flow [48].

Aortic aneurysm

Thoracic aortic aneurysms may be classified
according to their location, etiology, or shape. Nat-
ural history studies of thoracic aortic aneurysms
report a 1- and 5-year survival of 39% to 52%
and 13% to 19%, respectively [49]. Most mortality
in patients with thoracic aortic aneurysms is related
to aneurysm rupture. Thoracic aortic aneurysm is a
highly lethal condition warranting consideration of
elective, prophylactic surgical repair. The timing of

surgery is often a difficult clinical decision, how-
ever, particularly in asymptomatic patients or those
with comorbid conditions.

A recommendation of surgery represents a bal-
ance. Clinicians must weigh estimates of thoracic
aortic aneurysm natural history and rupture risk
against operative mortality and complication rate.
This risk is related to the site, etiology, size, and
expansion rate of the aneurysm. MR imaging of an
aortic aneurysm can demonstrate the site of aneu-
rysm, its length, morphology, and relationship of the
aneurysm to branch vessels and the presence of mural
thrombus or a penetrating ulcer. All of these findings
can affect surgical decision making. Furthermore, the
aortic valve needs to be assessed for the presence of
valvular stenosis or insufficiency.

Complex underlying arterial morphology in
patients with thoracic aortic aneurysm may result in
an inadvertent exclusion of important portions of the
arterial anatomy from the three-dimensional imaging
volume. It is important to conduct the localiz-
ing process carefully using breathhold techniques
(Fig. 4). For imaging aortic aneurysms, which contain
slow flow, it is important to anticipate a long contrast
travel time to fill the entire aorta. As mentioned
previously, three-dimensional MRA contains little
information about the morphology of the aortic wall,
and should be complemented by T1-weighted post-
contrast images in diagnosis of an aneurysm.
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Fig. 4. Excessive aneurysm of the ascending aorta. (A) Sagittal maximum intensity projection projection demonstrates the
aneurysm originating immediately above the aortic valve and involving the supra-aortic vessels. (B) Axial half-Fourier single-
shot turbo spin echo sequence delineating an extensive wall-adherent thrombus in the posterior part of descending aorta. No

dissection was observed.

Stenosis or occlusion of the great vessels may be
caused by atherosclerosis, dissection, and arteritis.
Other rare causes include fibromuscular dysplasia,
postradiation arteritis, and mediastinal inflammatory
or neoplastic disease. The patient commonly
presents with upper extremity ischemia or neuro-
logic symptoms from the steal phenomena during
arm exercise. Coronal three-dimensional Gd-MRA
is the best sequence to assess origins of the inno-
minate artery, common carotids, vertebral, and sub-
clavian arteries.

Developmental abnormalities

MR imaging can safely assess less common
congenital cardiovascular malformations of the aorta,
including arch anomalies and aortic coarctation.
Coarctation may be described as preductal, juxtaduc-
tal, or postductal. The more common juxtaductal or

postductal types occur as a discrete focal narrowing
of the aortic isthmus distal to the origin of the left
subclavian artery and near the aortic end of the
ductus arteriosus (Fig. 5). Depending on the severity
of the coarctation and obliteration of ductus arterio-
sus, an abundance of collateral vessels may be seen.
MR imaging and MR imaging velocity mapping
have proved to visualize the anatomy and severity
of the coarctation accurately [50]. Gd-enhanced
three-dimensional MRA has the advantage for image
reconstructions in any desirable orientation providing
an accurate overview especially useful in tortuous
vessel structures. An apparent coarctation may be
recognized as a pseudocoarctation. The rapid acquisi-
tion time enables successful contrast-enhanced MRA
in children including neonates and infants [51].
Quantitative measurements can be obtained by using
velocity-encoded cine MRA [52].

Fig. 5. A 28-year-old man with coarctation of the aorta. Note the dilated proximal left subclavian artery. (A) Sagittal maximum
intensity projection projection. (B) Corresponding sagittal multiplanar reformation.
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Central thoracic veins

Thrombosis of systemic chest veins is an import-
ant cause of morbidity in patients with malignancy,
hematologic disease, or long-term indwelling cathe-
ters. Prompt diagnosis and adequate therapy need to
be provided to restore patency of the veins.

Thrombo-occlusive disease of the chest veins has
been evaluated accurately by MR imaging using two-
dimensional time-of-flight methods [53,54]. These
techniques have the advantage of not requiring con-
trast material but are limited by long examination times
and potentially misleading artifacts [53,55]. Recent
reports have proposed the use of Gd-enhanced three-
dimensional MR venography techniques [56]. With
the advent of high-performance gradient systems, data
collection times have been reduced to acquire a three-
dimensional data set within a breathholding after the
intravenous injection of contrast agent.

In general, two approaches are pursued. Initially,
direct MR venography is performed using an injec-
tion of diluted contrast media to avoid T2 shortening
effects bolus. In comparison with two-dimensional
time-of-flight techniques, several recently published
studies show better image quality within shorter
imaging times when evaluating deep venous throm-
bosis [38]. Thornton et al [57] obtained breathholding
three-dimensional spoiled GRE during first pass and
in the delayed arteriovenous phase after manual
intravenous Gd bolus injection resulting in 100%
sensitivity and specificity. First-pass imaging, how-
ever, requires venous access site in the clinically
symptomatic limb and does not allow for a complete
evaluation of the chest veins, even with bilateral
infusion [58].

With an indirect approach, the veins are imaged
during the contrast equilibrium phase following the
injection of paramagnetic contrast into an antecubital

vein. To compensate for considerable dilution as the
contrast passes through the lungs, the arterial system,
and the capillary bed, indirect MR venography
requires large doses of contrast. The indirect
approach does not require cannulation of the vein in
the effected extremity. For better contrast-to-noise,
images obtained in the venous phase can be sub-
tracted from those acquired in the arterial phase [59].
The timing of the acquisition relative to the contrast
administration is crucial. Kroenke et al [58] extrapo-
lated the mean time of maximum contrast enhance-
ment of the thoracic veins and chose a time delay of
15 seconds between the acquisition of the arterial and
venous phase. The introduction of dynamic Gd-
enhanced three-dimensional MR venography, based
on the use of very short TR (1.6 millisecond) and TE
(0.6 millisecond) [60] permits the acquisition of six
three-dimensional data sets in under 24 seconds. This
method obviates the need for contrast bolus timing
and has been shown to be reliable for the display of
central veins. This type of dynamic imaging also
allows for the assessment of thoracic veins in differ-
ent arm positions (Fig. 6).

Another MR venography approach using a high-
resolution TrueFISP imaging sequence promises
visualization of thrombus with high contrast relative
to the surrounding blood pool without requiring the
administration of contrast agents. Limited investi-
gations of patients with deep vein thrombosis have
been promising [61].

Pulmonary arteries

MR imaging of pulmonary vasculature has been
challenging for a variety of reasons. Particularly,
respiratory motion and poor contrast between flowing
blood and emboli have contributed toward poor
results [62]. Faster gradient hardware combined with
the dynamic administration of paramagnetic contrast

Fig. 6. A 29-year-old male conductor with left-sided arm weakness and known occlusion of subclavian and internal jugular vein
of the right side. Left-sided functional subclavian vein stenosis at the transition to brachiocephalic vein was suspected and
proofed using dynamic three-dimensional MRA. (A) Coronal maximum intensity projection (MIP), early phase. (B) Coronal

MIP, late phase.
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Fig. 7. A 47-year-old woman with left pleuritic chest pain.
Coronal maximum intensity projection of a time-resolved
contrast-enhanced three-dimensional MRA data set of the
pulmonary arteries shows an embolus in the distal left
artery (arrow).

permits display of the pulmonary vasculature. Two
MR imaging-based approaches to assess the pulmo-
nary arteries have been suggested: a sagittal acquisi-
tion strategy using two separate examinations
requiring twice the contrast volume versus the
acquisition of a single coronal three-dimensional
volume set encompassing both lungs [63—66]. The
advantage of sagittal imaging lies in the reduced

imaging volume, which permits shortening of the
data acquisition time. The coronal acquisition
approach exploits a single large field of view that
encompasses both lungs and has the advantage of
visualizing both central and peripheral pulmonary
vasculature (Fig. 7). Reflecting ease of interpretation
most investigators today would use the coronal data
acquisition technique.

By reducing TR to less than 2 milliseconds and
TE to less than 1 millisecond, temporally resolved
three-dimensional MRA becomes possible. The
acquisition time of the entire pulmonary tree can be
reduced to less than 4 seconds using the latest
hardware and software for the collection of a single
coronal three-dimensional data set [33]. Even in
patients with respiratory distress and limited breath-
holding capabilities the data collection time is suffi-
ciently short to permit artifact-free depiction of the
pulmonary arterial tree. Although spatial resolution
has remained limited in most implementations, con-
trast-enhanced three-dimensional MRA was shown to
be capable of detecting subsegmental emboli.

A major advantage of MRA over alternative diag-
nostic strategies for investigation of patients with
suspected thromboembolic disease relates to the fact
that MRA of the pulmonary vasculature can be com-
plemented by MR venography of the pelvic and
femoral veins. Vascular anomalies including arterio-
venous malformations, anomalous pulmonary veins
and pulmonary sequestration, patent ductus arteriosus,
or pulmonary atresia associated with congenital heart
disease can also be detected (Fig. 8) [67]. Pulmonary
hypertension documented by three-dimensional MRA
provides a better delineation of the central pulmonary
arteries than conventional angiography, where the
catheter may be advanced into the pulmonary arteries
beyond significant pathologies.

Fig. 8. A 49-year-old man with suspected pulmonary arteriovenous malformation on chest radiograph in the right lower lobe.
The three-dimensional MRA data set revealed the feeding vessels and sharp delineated small nodules. The diagnosis was Osler-
Weber-Rendu disease. (A) Coronal maximum intensity projection reconstruction. (B) Shaded surface reconstruction

anteroposterior view of the arteriovenous malformation.
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Illustration of the pulmonary veins is also provided
by contrast-enhanced three-dimensional MRA.
Venous structures are seen if the central k-space lines
are obtained during the venous or equilibrium phase of
the contrast bolus. The timing of the central k-space
views relative to contrast administration is crucial. The
need for timing can be overcome by collecting mul-
tiple three-dimensional data sets in various vascular
phases using sequential three-dimensional imaging
with ultrafast three-dimensional sequences. For the
optimal display of the pulmonary veins, a data set
containing both pulmonary veins and arteries is sub-
tracted from a solely arterial data set [68]. Better
separation of arteries and veins can be achieved using
higher infusion rates and lower contrast media doses in
multiphase MR imaging protocols. Visualization of
main pulmonary veins, segmental veins, and subseg-
mental veins up to the fourth order can be achieved.

Summary

Using the described strategies all relevant disease
processes of the thoracic vessels can be fully
depicted using contrast-enhanced three-dimensional
MRA. The aorta and the major neck and arm vessels
are well visualized. Vascular pathologies, such as
aneurysms, dissections, and occlusions, are readily
recognized. With the implementation of high-per-
formance gradients, three-dimensional MRA of the
pulmonary vasculature has become possible even in
dyspneic patients. Congenital lesions, such as coarc-
tations, are particularly well suited for analysis with
these techniques.
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