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We are pleased to present the SMRT Educational 
Seminars, Volume 16, Number 4: “MR Angiography: 
Technical Considerations & Developments.” This is the 62nd 
accredited home study developed by the SMRT, exclusively 
for SMRT members. The accreditation is conducted by 
the SMRT acting as a RCEEM 
(Recognized Continuing Education 
Evaluation Mechanism) for the ARRT. 
Category A credits are assigned to 
each home study, which can be used 
to maintain one’s ARRT advanced 
registry. SMRT Home Studies are 
also approved for AIR (Australian 
Institute of Radiography), NZIMRT 
(New Zealand Institute of Radiation 
Technology) and CPD Now (The 
College of Radiographers, United 
Kingdom) continuing professional 
development (CPD) activities.

Two peer-reviewed articles have 
been chosen for this home study 
issue. The authors of the first, 
“Technical Considerations in MR 
Angiography: An Image-Based 
Guide,” introduce their article by 
saying, “As the complexity of the 
magnetic resonance angiography 
(MRA) techniques grows, it becomes more difficult . . . 
to appreciate the physical principles underlying these 
studies. Nevertheless, such an understanding is requisite 
for improving clinical image quality.” In addition, “ . . . 
a general understanding of technical factors influencing 
MRA can improve image quality in day-to-day practice, 

ultimately affecting patient care through the production 
of clinical images more optimally tailored to answer the 
specific clinical question at hand.”

In the second article, “Non-Contrast-Enhanced MR 
Angiography: Physical Principles,” the authors review 

the original non-contrast enhanced 
techniques and the more recently 
developed. They state “Advances in 
hardware and software have made 
NCE-MRA scan time clinically feasible. 
Recent concerns over the safety of 
gadolinium-based contrast material 
combined with the expense of the 
material and its administration have 
generated a demand for NCE-MRA.”

A special thank you to Anna Simeonov 
from Toronto, Quebec, Canada for 
acting as the Expert Reviewer. 

Thanks also to Heidi Berns, M.S., 
R.T.(R)(MR), FSMRT, Chair of the SMRT 
RCEEM Ad-hoc committee from 
Coralville, Iowa, USA and all those 
who participate on this committee 
by reviewing the home studies for 
accreditation. Finally, many thanks to 
Jennifer Olson, Associate Executive 

Director, Mary Keydash, Publications Director, Linda 
O-Brown, SMRT Coordinator, Sally Moran, Director of 
Electronic Communications and the entire staff in the 
Berkeley, California, USA office of the ISMRM and SMRT 
for their insight and long hours spent supporting these 
educational symposia.
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“As the complexity of 

the magnetic resonance 

angiography (MRA) 

techniques grows, it 

becomes more difficult . . . 

to appreciate the physical 

principles underlying these 

studies. Nevertheless, 

such an understanding 

is requisite for improving 

clinical image quality.
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MR Angiography:
Technical Considerations & Developments

Technical Considerations in MR 
Angiography: An Image-Based Guide

• �Review Time-of-Flight principles including 
flow effects, 2D and 3D acquisition schemes, 
flip angle and TR effects, field strength effects 
and magnetization transfer; and show image 
examples;

• �Describe Phase-Contrast MRA including flow-
encoding gradients; and show image examples;

• �Discuss Contrast-Enhanced MRA including 
bolus arrival and K-space, post-processing, dose 
reduction techniques; and show image examples;

• �Explain Nephrogenic Systemic Fibrosis (NSF), 
relaxivity of contrast media, and protein-binding 
agents; and

• �Describe parallel imaging techniques at 3T, 
dynamic imaging and balanced steady-state free 
precession; and show image examples.
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Non-Contrast Enhanced MR 
Angiography: Physical Principles

• �Review the history of MR angiography 
techniques, non-contrast and contrast-enhanced 
methods.

• �Describe inflow-based techniques including the 
general mechanism and limitations, 3D TOF, 
HOP-MRA, 2D TOF, and QISS; and show image 
examples;

• �Discuss cardiac phase-dependent techniques 
including the general mechanism, and cardiac-
gated 3D Fast-Spin-Echo NCE-MRA; and show 
image examples;

• �Explain flow-encoding techniques including the 
general mechanism, conventional phase contrast, 
4D Flow, and flow-sensitive dephasing; and show 
image examples;

• �Review spin-labeling techniques including the 
general mechanism, Flow-In Spin Labeling, Flow-
Out Spin Labeling, Tag-Alternation Spin Labeling; 
and show image examples; and

• �Describe relaxation-based techniques including 
the general mechanism and bSSFP.
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As the complexity of the magnetic resonance angiography
(MRA) techniques grows, it becomes more difficult for the
practicing radiologist to appreciate the physical principles
underlying these studies. Nevertheless, such an under-
standing is requisite for improving clinical image quality.
As radiologists are most accustomed to dealing with medi-
cal images in everyday practice, it seems natural that an
image-based approach to teaching MRA physics, rather
than complex mathematical equations or pulse sequence
diagrams, would be preferable. This article adopts such
an approach. Simple ways to improve MRA image quality
are emphasized along with new technologies and their
physical basis. The ultimate goal of the article is to facili-
tate the practicing radiologist becoming more aware of the
variety of MR techniques available, being more confident
in modifying sequence parameters to improve image qual-
ity and reduce contrast dose, and understanding the
basis behind newer MRA techniques.

Keywords: magnetic resonance angiography; magnetic
resonance venography; gadolinium chelates; parallel
imaging; 3 T
J. Magn. Reson. Imaging 2013;37:1326–1341.
VC 2013 Wiley Periodicals, Inc.

THE PITFALLS OF CONVENTIONAL catheter-based
x-ray angiography are well known and include its inva-
sive nature, exposure to ionizing radiation, relative
expense, and utilization of potentially nephrotoxic con-
trast media. While conventional angiography remains
the clinical gold standard for diagnosis, magnetic reso-
nance angiography (MRA) has become the noninvasive
modality of choice (1–4) for many diagnoses. MRA is fre-
quently used as a prerequisite to catheter angiography
for planning purposes, even when intervention is
certain.

Like most clinical MRI, innovations in MRA have been
driven primarily by advances in hardware. Early MRA
techniques included time-of-flight (TOF) and phase-con-
trast imaging. Continued improvements in MR hard-
ware, including the ability to markedly reduce
acquisition time, have brought contrast-enhanced MRA
to the forefront. Mobile examination tables allowed mul-
tiple stations to be imaged following a single dose of gad-
olinium chelate. More recently, greater field strengths
and the advent of parallel imaging have markedly
reduced acquisition times for contrast-enhanced MRA,
resulting in gains of both spatial and temporal resolu-
tion. Since the recently established link between neph-
rogenic systemic fibrosis and certain gadolinium
contrast agents, the aforementioned innovations have
also been explored to provide reductions in gadolinium
chelate dose not only in MRA but in other MR applica-
tions as well (3,5,6). While all methods mentioned up to
now are typically based on gradient-echo acquisition,

newer noncontrast techniques have become increas-
ingly popular, which use other types of sequences such
as balanced steady-state free precession (b-SSFP) (7).

While understanding the underlying physics of MRA
is not the primary duty of the practicing radiologist, a
general understanding of technical factors influencing
MRA image quality can improve image quality in day-
to-day practice, ultimately affecting patient care
through the production of clinical images more opti-
mally tailored to answer the specific clinical question
at hand. Understanding potential artifacts and short-
comings of MRA techniques can likewise aid in image
interpretation. The present work aims to present the
technical considerations of MRA in a context familiar
to most radiologists—clinical images.

TIME-OF-FLIGHT

Flow Effects

In principle, both spin echo and gradient echo
sequences are capable of depicting flow within vascu-
lar structures. In the case of the former, however,
flowing protons typically encounter significant
dephasing effects, which can lead to flow voids and
image artifacts. In 2D spin echo imaging, if vessels
are oriented relatively perpendicular to the imaging
plane the blood might not persist within the imaged
volume long enough to be subjected to both the 90�

and 180� radiofrequency (RF) pulses. As such, at the
time of readout (ie, echo time or TE), blood within the
vascular structures demonstrates no signal.

Hence, gradient echo sequences were used to depict
the arterial vasculature with high signal intensity. The
advantages of gradient echo techniques include shorter
echo times and no additional 180� rephrasing RF
pulse. However, the latter characteristic renders these
sequences more prone to susceptibility artifacts. Fig-
ure 1 demonstrates an example of flow-related
enhancement. “Fresh” blood which has not been previ-
ously saturated by exposure to RF pulses replenishes
the blood within the imaging volume that has been
exposed to the previous RF pulse. These new unsatu-
rated protons enter the imaging volume carrying their
full longitudinal magnetization which can then be con-
verted to transverse magnetization and subsequent
high image signal intensity. Thus, at readout, blood
within the arteries is likely to contain more protons
with a greater net longitudinal magnetization than the
stationary tissues, since protons within the stationary
tissues have not fully recovered their longitudinal mag-
netization from the initial excitation pulse. When repe-
tition times (TR) are sufficiently short, stationary
protons may retain residual transverse magnetization
due to the TE being much shorter than the T2 and T2*
decay rates. Such residual transverse magnetization

6Institute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim, University of Heidelberg, Mannheim, Germany

The first two authors contributed equally to this work.

*Address reprint requests to: T.A., Department of Radiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Tech-
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can efficiently be eliminated (ie, spoiled) by application
of appropriate gradient schemes and phase cycles of
the excitation RF pulses. Spoiled gradient echo

sequences are the main technique used for TOF MRA.
Contrast on TOF images is T1-weighted with the degree
of such weighting dependent on TR and the flip angle.

2D Time-of-Flight

2D TOF MRA consists of imaging multiple thin slices
sequentially. As discussed above, short TRs limit the
longitudinal magnetization recovery that can occur
within in-slice stationary tissue, thus accentuating sig-
nal from flowing protons within the vasculature possess-
ing minimally saturated longitudinal magnetization.
Selective spatial saturation pulses that affect in-flowing
protons can be used to suppress arterial or venous sig-
nal depending on their placement. Pitfalls include tis-
sues with an intrinsic rapid T1 recovery such as
methemoglobin and fat which may result in high signal
due to T1 effects, as opposed to angiographic effects.
This is also a potential pitfall for 3D TOF as illustrated
in Fig. 1. Additionally, saturation effects can occur in
longitudinally oriented vessels, limiting the evaluation.

2D vs. 3D Time-of-Flight

2D TOF techniques for MRA can artifactually make a
given stenosis appear more severe. This is illustrated
in Fig. 2. This exaggeration is secondary to motion-
induced dephasing effects from turbulent flow. Relative
to 2D TOF sequences, 3D acquisitions use shorter TE
and have smaller voxel sizes, minimizing intravoxel
dephasing (signal losses from phase incoherence), thus
decreasing such flow-related signal loss (8). For these
reasons, contrast-enhanced techniques have replaced
2D TOF for imaging of the cervical carotid vasculature,
whereas 3D TOF is preferred for imaging of the Circle
of Willis secondary to its isotropic resolution. The long
scan time of 2D TOF sequences are a further disad-
vantage, although the technique is still occasionally
used for intracranial venography.

Figure 1. Axial (a) 3D TOF in a normal patient and (b) T2, (c)
3D TOF without and (d) with an inferiorly placed spatial satu-
ration pulse, and (e) contrast-enhanced MRA images in a
patient with a right carotid occlusion. All noncontrast images
were acquired with a superiorly placed saturation band to
suppress venous signal. Normal bilateral internal carotid and
vertebral artery (the right vertebral artery is dominant) signal
intensity is seen in the (a) normal patient. Normal flow voids
are seen in the right vertebral and left carotid (white arrows)
arteries on the (b) T2-weighted images with corresponding
high intravascular signal demonstrated in these areas on the
(c) TOF images in the patient with a right carotid occlusion.
On the (c) TOF images, the high signal within the right inter-
nal carotid artery (asterisk) could easily be mistaken for nor-
mal intravascular flow. The right internal carotid artery flow
void is absent (asterisk) on the (b) T2-weighted image. With
application of an additional (c) inferiorly placed spatial satura-
tion pulse, there is drop-out of intravascular signal in the left
carotid and bilateral vertebral arteries with persistent high
signal within the occluded right internal carotid artery (aster-
isk). This high signal is due to the short T1 of deoxyhemoglo-
bin found in thrombus. On the contrast-enhanced images,
this thrombus is demonstrated as relative hypointensity rela-
tive to the enhancing left carotid artery.

Figure 2. Sagittal MIP noncontrast TOF (left) and contrast-
enhanced (right) and noncontrast TOF (right) MRA performed
sequentially both demonstrate a focal, greater than 50% ste-
nosis of the internal carotid artery at its origin. A less than
50% stenosis is present distally within the internal carotid
artery on the (right) contrast-enhanced images; however, the
degree of stenosis is artifactually accentuated on the (left,
gray arrow) TOF images.

1328 Morelli et al.
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2D TOF images are typically displayed in maximum
intensity projection (MIP) format, whereby images are
“stacked” in order to produce the angiographic type
image most familiar to radiologists, as shown in Fig. 2.
While such projections are helpful to visualize vascu-
lar anatomy and pathology, source images must also
be reviewed to evaluate extravascular tissues excluded
from view on MIP images and to assess motion arti-
facts and artifactual signal loss (ie, signal loss due to
susceptibility artifacts) (9,10). 3D TOF angiography is
optimally obtained with isotropic voxel sizes, allowing
multiplanar reconstructions to be performed in any
desired imaging plane. While 2D images are obtained
in slices, 3D images are obtained in volumes or slabs
(11). Acquisition of 3D scans utilizing one large slab is
disadvantageous due to saturation effects, a result of
blood protons remaining in the image volume longer
and thus being exposed to multiple RF pulses, thus
decreasing signal (12). As a compromise between 2D
and thick-slab 3D techniques, multiple slabs are typi-
cally used for clinical 3D TOF imaging with band-like
artifacts often denoting slab junctions. With this tradi-
tional multislab technique, there is potential for signal
starvation secondary to in-plane or “in-slab” flow. This
is illustrated in Fig. 3.

Flip Angle and TR

As mentioned previously, image quality in TOF MRA
is dependent on the difference in signal between mov-
ing and stationary tissues, rendering suppression of
signal from the latter paramount. Maintaining this
signal difference is more difficult with 3D TOF techni-
ques, as imaging of blood flow occurs over a large
slab rather than within a thin slice: in 3D acquisi-
tions, blood remains within the imaged volume longer
and may be subject to multiple RF pulses. The effects
of such RF pulses are primarily dependent on the flip
angle and TR. The result of flip angle variations is
illustrated in Fig. 4a,b. High flip angles result in
greater saturation of background tissue but also pre-
dispose flowing protons to saturation effects. Low flip
angles result in the opposite. Adjustments in TR have
analogous effects: longer TRs reduce background sup-
pression while minimizing saturation effects, whereas
shorter TRs maximize background suppression and
saturation effects on flowing protons. Thus, longer
TRs and smaller flip angles improve vessel conspicuity
farther into the slab but decrease vessel conspicuity
at the point of entry. To minimize saturation effects
on the flowing blood, flip angles may also be varied
across the imaging slab (13).

Field Strength Effects

Imaging at greater field strengths has been shown to
be advantageous for TOF MRA (14). One reason is that
the T1 of most structures constituting “background”
tissue for TOF MRA is longer at 3 T (and progressively
greater at 7 T) than at 1.5 T, leading to less back-
ground signal for a given TR due to slower recovery of
longitudinal magnetization. Like the background tis-
sues, the T1 of blood also increases at 3 T relative to
1.5 T. The increase in T1 does not affect signal of the
inflowing blood, as incoming blood protons possess
minimally saturated longitudinal magnetization and
are not as directly dependent on longitudinal recovery
rates for their signal in the image. Improvements in
intravascular signal relative to background at higher
filed strengths can be used as a type of currency and
exchanged for reductions in scan time (ie, through par-
allel imaging) or increases in spatial resolution. Addi-
tionally, lower flip angles may be used to preserve
penetration depth at higher field strength.

Magnetization Transfer

The concept of magnetization transfer requires an
understanding of the main pools of body tissue pro-
tons—the free and bound pool. Free protons typically
contribute to signal; protons in the bound pool are
closely associated with macromolecules and have T2
times too short for detection. These two pools are
coupled, allowing spin states of protons in the bound
pool to influence those in the mobile pool. Saturation
of protons in the bound pool, which have greater sen-
sitivity to off-resonance RF pulses, can thus be trans-
ferred to protons in the mobile pool (15). This results
in suppression of signal from soft tissue structures

Figure 3. MIPs from (a,b) 3D TOF and (c) 2D TOF imaging of
the high cerebral vasculature are shown. While 2D images
are obtained in slices, 3D images are obtained in volumes or
slabs. Multiple slabs are typically used for clinical 3D TOF
imaging as shown in (a) (white arrows), with band-like arti-
facts denoting slab junctions. The (b) axial 3D TOF image
also depicts the small, high cerebral arteries more clearly
than the (c) 2D TOF technique due to greater SNR and spa-
tial resolution. The improved vascular detail was useful in
this particular patient: a relative paucity of high cerebral
vasculature was present on the left side of the brain (b), find-
ings consistent with the patient’s known diagnosis of Moya-
moya. The appearance of the sagittal venous sinus (black
arrow) on the 3D images is due to flow saturation effects.

Technical Considerations in MRA 1329
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containing macromolecules relative to the blood pool
which possesses fewer macromolecules, thus improv-
ing image contrast (16). One disadvantage of magnet-
ization transfer pulses is the increased scan time. An
example of the effect of magnetization transfer pulse
use is provided in Fig. 4c,d.

PHASE-CONTRAST MRA

Introduction

Another widely used MRA technique is phase con-
trast. Phase contrast techniques allow quantitative
flow analysis by mapping velocity-induced phase
shifts of flowing blood. Phase-contrast MRA is com-
monly used in cardiac imaging, MR venography of the
brain, and in other specialized scenarios requiring
quantitative flow assessment (17,18). Figures 5 and
6 demonstrate this technique. Phase contrast techni-
ques are usually performed using gradient echo
acquisitions (19) but can also be done using alterna-
tive rapid imaging methods such as echo planar imag-
ing (20). A typical phase-contrast velocity acquisition
generates two series of cine images, a phase (Fig. 7a–
c) and magnitude image (Fig. 7d). The magnitude
image appears similar to a standard “bright-blood”
gradient echo image and is used for anatomic localiza-
tion. The phase image is a grayscale image where

moving protons are depicted as either black or white,
depending on the direction of their movement, and
stationary tissues are represented as gray. The phase
shift of a flowing proton is determined by its velocity
and by the strength of the applied gradient and time
of exposure to the gradient field. The phase images
can therefore be used for flow and velocity measure-
ments. Phase-contrast images, like TOF, can be
obtained with 2D or 3D techniques. 2D techniques
are typically cardiac-gated to allow for imaging of the
vessels throughout the cardiac cycle. 3D acquisitions
result in reduced voxel sizes but greater saturation
effects and a significant acquisition time penalty.
Decreasing the flip angle reduces problematic satura-
tion effects, as does injecting gadolinium chelate con-
trast material. The latter can be used to allow
utilization of a shorter TR, reducing acquisition time
and improvement in small vessel visualization. Due to
the longer acquisition times, 3D techniques are less
frequently used clinically and are not typically car-
diac-gated.

Flow-Encoding Gradients

Phase-contrast MRA depicts not only the presence of
flow but also its direction. Flowing blood protons gain
a specific phase relative to stationary protons when
moving to different magnetic fields. The converse is

Figure 4. 3D TOF images in a normal volunteer demonstrate differences in vascular enhancement occurring when the flip
angle is varied from (a) 15� to (b) 45�. In the latter image, vascular signal is greatest at areas of vascular in-flow into the slabs
(white arrows), but diminished more distally within the slab (gray arrows) secondary to flow saturation effects. Images are
shown with identical window and level settings. The source images from that volunteer obtained without (c) and with (d) a
magnetization transfer preparatory pulse are also shown. As described in the text, the magnetization transfer preparation
accentuates contrast between the vasculature and background tissues in MRA applications by suppressing signal from gray
and white matter.

1330 Morelli et al.
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also true with blood protons losing phase upon mov-
ing to weaker magnetic fields. In both cases, the
phase is directly proportional to the flow velocity.
Phase-contrast techniques exploit this principle by
application of an additional gradient (ie, a flow-encod-
ing gradient). In a resulting image, objects without
significant motion (or with motion perpendicular to
the axis of the flow-encoding gradient) do not encoun-
ter any phase shift and are thus neither dark nor
bright for reasons discussed below. The direction of
flow-encoding is selectable. The effect of this selection
is illustrated in Fig. 6.

In reality, flow is not the only factor contributing to
phase shifts. Inhomogeneities in the local magnetic
field also play a role, both with stationary and mobile
protons. To compensate for this, two interleaved
sequences are typically acquired: one sequence with
velocity-compensation and a second velocity-encoded
image with an additional encoding gradient added. A
complex pixel by pixel subtraction of these images
attempts to eliminate effects of field inhomogeneity on
the final clinical image.

In addition to the axis on which the flow-encoding
gradient is applied, signal intensity in phase-contrast
imaging also depends on the duration and amplitude
of such gradients. The velocity-encoding factor (VENC)
reflects these parameters. If the VENC is set lower
than the peak velocity present within the pixel being
measured, signal from that pixel will artifactually

appear opposite that of the adjacent pixels being
measured due to a 360 wraparound of velocity infor-
mation. To prevent this phase aliasing, the VENC must
be greater than the highest flow velocity present. Alter-
natively, selecting too high a VENC can lead to loss of
intravascular contrast compared with surrounding soft
tissues. This is illustrated in Fig. 7. This principle is
analogous to the selection of Doppler gain in sonogra-
phy. The VENC can be specified for arterial (>100 cm/
s) and venous assessments (�20–30 cm/s). An optimal
VENC should be set within �25% of the true peak ve-
locity within the area being measured (21).

CONTRAST-ENHANCED MRA: BASIC PRINCIPLES

Introduction

Due to the ability to rapidly acquire images and the
relative reduction in artifacts compared to the afore-
mentioned TOF techniques, contrast-enhanced MRA
has become the dominant clinically used MRA tech-
nique. In comparison to CTA, contrast-enhanced
MRA evaluation is not impaired by the presence of
atherosclerotic calcifications and does not subject
the patient to ionizing radiation. Gadolinium chelate
contrast media are the primary intravascular agents
used in clinical contrast-enhanced MRA. Unlike CTA,
where the presence of iodine accounts for changes in
attenuation responsible for vessel enhancement, in

Figure 5. In this patient with pulmonary regurgitation, respective steady-state free precession (b-SSFP, ie, bright blood) in (a)

systole and (b) diastole. Phase contrast images (C, systole; D, diastole) obtained at a slightly inferior slice position are also
shown. Phase-contrast imaging confirmed the presence of pulmonary regurgitation: in these images, superiorly directed flow
is depicted with high bright signal, inferiorly directed flow with dark signal, and lack of flow by intermediate signal (ie, gray
in appearance). High bright signal is seen in the ascending aorta and dark signal in the descending aorta during in systole
(C, white arrows). During diastole intermediate signal is seen in both the ascending and descending aorta (D, white arrows).
Flow within the pulmonary artery during systole (C, black arrow) is also depicted as high bright signal. However, the pulmo-
nary artery demonstrates a low signal intensity appearance in diastole, confirming the presence of pulmonary regurgitation
(D, black arrow).
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MRA the effects of gadolinium chelates are indirect.
Gadolinium increases the rate of T1 recovery and T2
decay of the magnetization of protons in free water,
and these effects are responsible for changes in
blood signal relative to background. While T2* may
be exploited in the setting of MR perfusion studies,
for the purposes of routine MRA the extent of T1
relaxation is the most relevant parameter, allowing
depiction of the vasculature as high signal intensity.
A spoiled gradient echo technique is most frequently
used, utilizing a short TE to minimize artifacts from
susceptibility as well as flow-related signal loss. A
short TR allows rapid image acquisition during the
arterial phase of contrast enhancement. In some
applications, particularly in peripheral vasculature
imaging, subtraction images are constructed. This
process consists of obtaining a precontrast scan
used for subtraction from the final contrast-
enhanced image, the subtraction of the two providing
further contrast between intravascular signal and
background tissue. Motion between these two
sequences can markedly degrade image quality,
although motion correction methods have been
described to mitigate such problems (22).

Bolus Arrival and K-space

As with CTA, bolus timing is an important considera-
tion with contrast-enhanced MRA. The major concern

Figure 6. Axial phase-contrast images through the brain in
a normal volunteer are displayed with the flow-encoding gra-
dient directed (a) superior to inferior and (b) right to left. The
direction of the flow-encoding gradient is typically selectable.
With the gradient applied from superior to inferior, venous
flow in both transverse sinuses (black arrows) is high signal
intensity, denoting flow inferiorly, while arterial flow within
the bilateral internal carotid arteries (white arrows) is low
signal, denoting flow superiorly (the anterior cerebral arteries
have a similar appearance). When the gradient is changed to
span from the patient’s right to left (b), the right carotid ter-
minus (small white arrow), right middle cerebral artery, and
right transverse sinus (small black arrow) demonstrate low
signal intensity, denoting flow opposed to the direction of the
gradient, whereas the left carotid terminus (large white
arrow) and left transverse sinus (large black arrow) demon-
strate high signal intensity, denoting flow in the direction of
the flow-encoding gradient.

Figure 7. (a–c) Phase contrast and (d) magnitude images
through the chest. The phase contrast images were per-
formed with a VENC of (a) 150 cm/s, (b) 50 cm/s, and (c)
500 cm/s. With a VENC of 150 cm/s, cephalad directed flow
is visualized by high, bright signal as in the ascending aorta
(white arrow) and caudad flow with dark signal as in the de-
scending aorta (black arrow). When the VENC is (b) chosen
to be too low, there is marked aliasing or “wrap-around”
within the ascending aorta (white arrow) manifest by central
dark signal in the center of the vessel where flow has the
greatest speed. The same effect results in high, bright signal
throughout the descending aorta (black arrow). When the
selected VENC is (c) too high, there is a loss of signal in
structures with flow both cephalad and caudad.
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is synchronizing the acquisition of the central portion
of k-space with the arrival of the contrast bolus. The
k-space center encodes data relating to image con-
trast as opposed to the periphery, which encodes
image detail. This is illustrated in Fig. 8. If the center
of k-space is acquired prior to maximum arterial
enhancement, arterial signal will be suboptimal and
ringing artifacts may occur due to rapid increases in
intravascular gadolinium chelate concentration (23).
On the other hand, if image acquisition is delayed,
then venous contamination may impair image
quality.

K-space filling can proceed in a number of ways;
however, elliptical centric ordering is often selected,
whereby the k-space center is first acquired followed
by peripheral data acquisition (24). Optimal coordina-
tion between the passage of the arterial bolus and
acquisition of the central portion of k-space may like-
wise be achieved by a number of means. So-called
bolus timing is one such technique by which a test
bolus (typically 1–2 mL) is injected prior to the actual
examination and its arrival in the target region is
detected—typically with a series of fast 2D acquisi-
tions. If the actual bolus is injected at a similar rate,
then this provides an estimate of circulation time. For

MRA images acquired at several different stations, an
equal number of distinct test boluses may be used. In
practice, this is rarely performed, as bolus chase
techniques are often used where scan delays of later
stations is determined by the acquisition time of ear-
lier stations.

With bolus chasing techniques, the full imaging
bolus is given with rapid scout images being acquired
in temporal succession until bolus arrives within the
region of interest. Whenever this occurs, as deter-
mined by the technologist manually or by computer-
ized region of interest analysis, acquisition of the full
scan begins with the most proximal anatomy being
acquired first along with the contrast bolus. Each
successive field of view (FOV) then follows the contrast
bolus (ie, for the lower extremities down the abdomen,
pelvis, and legs). Because of concerns regarding ve-
nous contamination in the lower extremities, many
practices acquire an initial low-dose time-resolved
MRA of the calves before performing the stepping ta-
ble acquisition. Due to the different FOVs acquired,
the obtained images must either be reviewed sepa-
rately, with small areas of overlap, or be composed
into a single image covering the entire region of clini-
cal interest. Construction of composed images might

Figure 8. MIP images (top row) from a contrast-enhanced MRA examination in a patient with an infrarenal aortic aneurysm
(partially visualized) and left renal artery stenosis. Inverse 2D Fourier transforms of the original image (bottom row) were per-
formed using Corel Paintshop Pro X with an image processing plug-in (2D FFT/iFFT, Kamlex). Relevant portions of k-space
data were then excluded as shown with a 2D Fourier transform subsequently performed. The center graphic depicts the
effects of eliminating information encoded by the k-space periphery—namely, image blur with overall preservation of contrast
between the vasculature and background. An additional image (right) depicts the effect of eliminating data from the k-space
center, resulting in preservation of image detail information with a marked reduction in image contrast.
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lead to potential artifacts at the demarcations between
the different acquired FOVs.

The adoption of dedicated multielement coil systems
and rapid scan acquisition with parallel imaging allow
for continuous table movement MRA. In this case, the
technologist only needs to plan a single large FOV.
With this technique there is clearly no need for image
composition, ensuring no overlap or exclusion of im-
portant vascular structures. Additionally, the lack of
temporal gaps in imaging (ie, dead time while the
table moves to a different station without image ac-
quisition occurring) allows for more optimal coordina-
tion of image acquisition with arrival of the contrast
bolus. This can allow more efficient bolus use. As
alluded to above, requisites for this technique include
implementation of parallel imaging, smooth and con-
tinuous table movement, multiple dedicated array
coils for each body part that can be toggled on and off
depending on the relation of that body part to the cen-
ter of the magnet, and software, allowing integration
of these factors and capable of producing images with
minimal user input (25). A comparison of step-by-step
and continuous table movement techniques is pro-
vided in Fig. 9.

Postprocessing

Contrast-enhanced MRA images are typically acquired
with 3D techniques, ideally with an isotropic voxel
size. This allows for multiplanar reconstructions in
any arbitrary imaging plane, a principle illustrated in
the subtracted images provided in Fig. 10. Although
subtraction was used with these images, subtracted
images are usually not necessary in breath-held
acquisitions of the chest and abdomen and can fre-
quently lead to misregistration artifact. MIP images
create an angiographic appearance by displaying the
maximum pixel value along a given axis. These
images are routinely used for interpretation in clinical
MRA in combination with source images. Examination
of the source images is imperative as important vas-
cular and nonvascular structures may be excluded by
the MIP filtering and subsequent postprocessing. Sur-
face and volume rendering techniques are not typi-
cally used for interpretation by the radiologist.
However, the latter may be more useful than MIP
images for diagnosis in some cases (26,27). In the
case of surface rendering, the first pixel value exceed-
ing a specific threshold encountered along each paral-
lel ray for a given axis is deemed the surface and is
displayed as such in this type of reconstruction. A
simulated light source creates the impression of a 3D
image. The gray scale can likewise be modified and
color added based on gray scale characteristics. Vol-
ume rendering is more complex: rather than simply
selecting the first or maximum voxel value along a
given axis, the average signal value is selected. Thus,
signal differences are preserved while simultaneously
allowing a 3D type depiction of anatomical structures.
Averaging multiple pixel values can further diminish
noise. Examples of MIP and volume-rendered images
are provided in Fig. 11.

CONTRAST-ENHANCED MRA: DOSE REDUCTION

Nephrogenic Systemic Fibrosis (NSF)

One motivation for dose reduction in contrast-
enhanced MRA may be reduction of the potential risk

Figure 9. Coronal oriented MIP images from a contrast-
enhanced MRA from the thorax to the lower legs in two separate
patients were obtained with (a) step-by-step MRA with three
stations and (b) continuous table movement MRA. Figure is
courtesy of Harald Kramer, MD. The latter patient exhibits mul-
tifocal stenoses and areas of occlusions throughout the vascu-
lature secondary to atherosclerosis. In the step-by-step
technique, the contrast bolus is followed as it progresses down
the aorta and iliac arteries into the lower extremities. Often-
times, an initial time-resolved single station MRA of the calves
is performed, using a separate reduced dose, as a hedge
against venous contamination in the final station of a step-by-
step acquisition. In our example, signal drop-off between sta-
tions is accentuated. This can be made less prominent by over-
lapping the FOVs slightly by overlapping the stations. Here,
intra-arterial signal within the calves is maximized, depicting
three-vessel runoff bilaterally, but more superiorly arterial
enhancement is somewhat diminished. These problems are not
as apparent on the (b) continuous table movement images. Nei-
ther are the artifactual transitions between composed images
obtained at the different stations (white arrows).
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for the development of NSF in patients with renal
insufficiency. The pathophysiology of this condition is
believed to relate to in vivo dechelation of gadolinium
from the chelate complex with subsequent deposition
of gadolinium—a toxic ion—into body tissues (28).
The gadolinium chelates can be classified as linear or
macrocyclic based on their structure—the latter avail-
able agents demonstrating greater in vitro stability (ie,
lesser propensity to dechelate).

Relaxivity

The major determinant of image contrast obtainable
with an extracellular gadolinium chelate is its relaxivity.
Specifically in the context of MRA, the r1 relaxivity—or
ability to reduce T1 of tissue protons—is an important
consideration. Of note, such agents also reduce T2, sec-
ondary to T2* or susceptibility effects in much higher
concentrations than used for MRA. In some contrast-
enhanced applications, reductions in tissue T2 can
interfere with T1 effects. This type of interference is a
consideration with gadobenate dimeglumine at 3 T,
where its r2 relaxivity increases disproportionately to
that of other agents. However, for contrast-enhanced
MRA, the TE values used are usually short enough so as
to eliminate differences in enhancement related to r2

considerations. The major nonprotein binding extracel-
lular gadolinium chelates demonstrate relatively similar
r1 relaxivities, provided in Table 1, which are based on
data from references (29,30). All agents are available

Figure 10. Coronal, axial, and sagittal reconstructed subtraction images from a contrast-enhanced renal MRA performed
with gadopentetate dimeglumine on a 1.5 T system demonstrate a short segment of greater 50% narrowing at the right renal
artery origin. Acquisition with an isometric voxel size (1.0 mm3) allows triplanar reconstruction. Although subtraction was
used in this technique, image subtraction is usually not necessary in breath-held acquisitions of the chest and abdomen and
can frequently lead to misregistration artifact.

Figure 11. (a) MIP and (b) volume rendered images were
constructed from a 3D TOF MRA examination of the Circle of
Willis on a dedicated offline workstation (Siemens Leonardo).
Images demonstrate a small saccular aneurysm at the trifur-
cation of the middle cerebral artery.
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commercially at concentrations of 0.5 molar with the
exception of gadobutrol, which is available at 1 molar.
Among the nonprotein binding agents, gadobutrol has
the highest r1 relaxivity, the advantages of which are
illustrated in Fig. 12a,b. Among the linear compounds,
higher dissociation constants reflect greater stability (i.e.
affinity of the chelate for gadolinium). Macrocyclic agents
are overall more stable than the linear agents.

Protein-Binding Agents

Gadobenate dimeglumine, the single protein-binding
agent listed in Table 1, demonstrates a greater relaxivity
than its nonprotein-binding counterparts. The mecha-
nism for this relates to the benzyloxymethyl group of the
agent, which allows for transient interactions with albu-
min and other proteins. Because such proteins gener-
ally tumble at a slower rate than gadolinium chelates,
such transient interactions likewise slow the tumbling
of the chelate. With this reduction in tumbling, there is a
more efficient interaction with water protons, improving
relaxivity. The improved relaxivity of gadobenate dime-
glumine allows the potential for significant dose reduc-
tion in many applications (31–33). Gadobenate
dimeglumine, as well as gadofosveset trisodium, has
been examined in the context of dose reduction. Gado-
fosveset sodium is a so-called “blood-pool” agent, with
its intravascular persistence extending the window dur-
ing which MRA and/or MR venography (MRV) can be
obtained. Given the increased popularity of MRV for the
detection of deep venous thrombosis, seen involving the
left common iliac vein and inferior vena cava in Fig. 12c,
gadofosveset sodium, with its prolonged intravascular
persistence, creates a longer time period over which
multistage or multiphase MR examinations can be per-
formed. However, the issue of arterial segmentation has
not been solved, particularly in the case of the lower ex-
tremity vessels, where paired veins lie immediately adja-
cent to very small calf arteries. In the chest and
abdomen, extended acquisitions are also somewhat
problematic on the basis of motion artifact. Respiratory-
gated 3D MRA acquisitions are not widely available. An
additional “protein-binding” agent worthy of mention is
EP-2104R, although this agent is not yet available clini-
cally. This peptide tetramer binds selectively to throm-
bin, allowing detection of vascular thrombi seen in

thrombosis and, alternatively, fibrin within malignant
neoplasms (34,35).

Parallel Imaging and 3 T

As illustrated by Table 1, the relaxivity of extracellular
gadolinium chelates decreases at greater field
strengths, in particular when moving from 1.5 to 3 T.
However, the background tissue T1 time is increased
at this higher field strength, leading to improved con-
trast between the enhancing vasculature and back-
ground for methods that do not employ image
subtraction. Imaging at 3 T offers the most potential
for clinical dose reduction based on this property.
Furthermore, the advent of parallel imaging provides
the means through which signal-to-noise ratio (SNR)
gains seen with greater field strengths can be trans-
formed into reductions in scan time or increases in
spatial resolution (36). Parallel imaging refers to the
ability of surface coils to localize MR signal, allowing
for decreased sampling in the phase encoding direc-
tions, and thus a reduction in scan time. The use of
parallel imaging is illustrated in Fig. 13.

SNR at a given location is inversely related to both
the square root of the parallel imaging acceleration
factor (�R) and the local geometry factor (g). The g
factor reflects the ability of coil arrays to distinguish
signal contributions and grows rapidly with
increases in R (ie, geometry-related noise enhance-
ment). Acceleration factors up to 3 are obtainable
with 1D parallel imaging with geometry-related noise
enhancement interfering at higher factors. This is
manifest as regions of low SNR, often in the center of
a large patient far from the location of the surface
coil. In theory, parallel imaging can be applied in
multiple directions simultaneously; however, few
benefits in acquisition time would be seen by reduc-
ing sampling in the frequency encoding domain.
Thus, parallel imaging is frequently limited to a sin-
gle phase-encoding dimension, except for in 3D or
multislice techniques, wherein parallel imaging can
be applied along both phase encoding dimensions.
Thus, the same scan time reduction effect of a paral-
lel imaging factor of 4 can be achieved by utilizing
factors of 2 in each direction (37). This enables a rel-
atively lower geometry factor for the same total R. Of

Table 1

Properties of Commonly Utilized Gadolinium Chelates

R1 relaxivitiesa Dissociation constantb Molecular structure

Agent 1.5 T 3 T

Gadoversetamide (Optimark) 4.7 4.5 15.0 Linear, nonionic

Gadodiamide (Omniscan) 4.3 4.0 14.9 Linear, nonionic

Gadobenate dimeglumine (Multihance) 6.3 5.5 18.4 Linear, ionic

Gadopentetate dimeglumine (Magnevist) 4.1 3.7 17.9 Linear, ionic

Gadobutrol (Gadavist) 5.2 5.0 15.5 Macrocyclic, nonionic

Gadoterate meglumine (Dotarem) 3.6 3.5 18.0 Macrocyclic, nonionic

Gadoteridol (Prohance) 4.1 3.7 17.7 Macrocyclic ionic
a(L mmol�1 s�1) in plasma.
b(Log Kconst) at pH of 7.4 for linear agents and 1 for macrocyclic agents; higher coefficients correspond to greater stability for linear

agents.

Shading indicates dissociation half-life of over 1000 years when extrapolated to pH 7.4.
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note, many coils are not compatible with this tech-
nique due to the orientation of their elements. In
addition to loss of SNR, several artifacts are associ-
ated with parallel imaging. For example, in SENSE
acquisitions if the calibration and parallel imaging
acquisitions are not performed with the patient in
the same position ghosting artifacts can result, or if
the FOV of the calibration acquisition is smaller, sig-
nal voids can occur (38). Self-calibrating generalized
autocalibrating partially parallel acquisition
(GRAPPA) techniques can be used to avoid these
problems; however, the acquisition of self-calibration
lines of k-space is associated with an increased scan
time, especially for low-resolution images where they
occupy a greater proportion of the total acquisition.

DYNAMIC IMAGING

One of the major disadvantages of MRA relative to con-
ventional angiography has traditionally been the rela-
tive lack of temporal resolution. Although the
acquisition time could be reduced with MRA by also
reducing spatial resolution, the advent of parallel imag-
ing along with the development of 3 T MRA allowed the
possibility of high-temporal (up to 1.5 sec per scan),
high-spatial resolution MRA. Additional strategies such
as TR reduction and partial Fourier sampling have
aided in this goal. Different imaging techniques have
been proposed that rely on preferential, repetitive sam-
pling of the k-space center. As shown in Fig. 8, this
region encodes image contrast information. Relative
undersampling of k-space markedly improves temporal
resolution versus conventional techniques in which the
entirety of k-space is sampled. The sampling of the k-
space periphery occurs near the end of the acquisition
in “keyhole” techniques, but may be sampled dynami-
cally as well. This typically occurs between acquisitions
of the k-space center, either with different regions being
sampled or with the entirety being sampled but with
reduced sampling density. Several variations of this
technique are available through different vendors,
known by the acronyms TRICKS (Time-Resolved

Figure 12. (a) Coronal MIPs from a time-resolved MRA of the
renal arteries performed with equivalently dosed (0.02
mmol/kg) gadobutrol and (b) gadoterate meglumine on a sin-
gle male swine with otherwise similar scan parameters. With
identical windowing and leveling, the surgically created bilat-
eral renal stenoses (white arrows) are better depicted on the
gadobutrol scan. Aortic enhancement is also greater with
gadobutrol. (c) A single coronal source image from MRV
through the pelvis of a human patient utilizing gadobenate
dimeglumine is also shown. Thrombus completely occludes
the left common iliac vein with an additional filling defect
noted in the inferior vena cava.

Figure 13. MIP images from contrast-enhanced MRA exami-
nations of the same patient at (a) 1.5 and (b) 3 T demon-
strate occlusion of the left internal carotid artery. For images
on the 1.5 T MR system, a parallel imaging factor of 2 was
used with a voxel size of 0.9 � 1.3 � 1.0 mm, TE 1.3 msec,
and TR 3.7 msec. For the 3 T scan, a parallel imaging factor
of 3 was used with a voxel size of 0.8 � 0.8 � 0.8 mm, TE
1.14 msec, and TR 3 msec. Acquisition times were compara-
ble. Twenty mL of gadoteridol was used in both cases. The
greater resolution of the 3 T scan results in overall dimin-
ished image blur and allows improved depiction of small vas-
cular structures such as the lingual and superior thyroid
branches of the external carotid artery (white arrow).
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Imaging of Contrast KineticS) (39), TREAT (Time-
Resolved Echo-shared Angiographic Technique) (40),
and TWIST (Time-Resolved Angiography With Inter-
leaved Stochastic Trajectories (41,42). With these view-
sharing methods, an image is reconstructed from cer-
tain central data with other peripheral data points
being used to complete k-space. Thus, the spatiotempo-
ral resolution is nominally greater, but there is loss of
temporal fidelity. The term “temporal footprint” refers
to the time frame from which all data used for a single
frame originate. Radial acquisitions can also be used to
oversample the k-space center while undersampling
the peripheral regions of k-space encoding high spatial
frequencies; these techniques are typically less sensi-
tive to motion artifacts (43).

Images from a time-resolved MRA sequences are illus-
trated in Fig. 14. Use of such dynamic techniques reduces

problems from venous overlay. Further advantages with
time-resolved techniques include a substantial contrast
dose reduction with certain techniques, elimination of a
test bolus, and reduction in motion artifact due to the
shorter acquisition time for each frame. Additional tempo-
ral assessment of soft tissue enhancement available with
this technique has been shown to be useful for detection
of concomitant cellulitis in peripheral MRA applications
(44).

Compressed sensing is another technique with a great
deal of promise for accelerating dynamic MRA acquisi-
tions. This is based on the fact that high lossy image
compression ratios (ie, used for electronic image trans-
fer) can be achieved without perceptible image quality
degradation and while preserving diagnostic utility (45).
Instead of collecting excess data only to have it dis-
carded during compression, data are instead

Figure 14. Sequential time-resolved, contrast-enhanced images through the upper extremity are shown (a) demonstrating a
1.6 cm pseudoaneurysm arising from the distalmost portion of the ulnar artery at its junction with the superficial palmar
arch. The pseudoaneurysm neck measures 1 cm. On these MIP images, the portion of the arch overlying the 2nd metacarpal
is not visualized, although this was patent on the source images. The radial artery and deep palmar arch are diseased, and
not well seen. As illustrated here, directionality of flow is well-delineated with dynamic techniques. A shelf like stenosis is
present in the proximal internal carotid artery as depicted on (b) TOF, (c) b-SSFP images with background suppression (Sie-
mens NATIVE), (d) a standard postcontrast MRA examination, and (e) arterial phase images from a dynamic MRA dataset
(Siemens TWIST). The provided images were all acquired at identical spatial resolutions (0.9 mm3 isovoxel).
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undersampled. In the context of MRI, this is achieved by
nearly randomly sampled k-space so that its undersam-
pling leads to aliasing in no particular pattern (nonran-
dom sampling would lead to wraparound artifact). The
resulting noise-pattern is not compressible and is sup-
pressed with image compression. In initial experiments
with CE-MRA, utilization of this technique has resulted
in accelerations of image acquisitions up to 10-fold rela-
tive to conventional techniques with preservation of spa-
tial resolution and contrast (46). Thus, acquisition of
CE-MRA images with spatial resolutions comparable to
those obtainable with conventional static MRA and also
with high temporal resolution is expected to be possible
clinically in the near future.

BALANCED STEADY-STATE FREE PRECESSION

Rather than spoiling residual transverse magnetization
as in sequences used for TOF MRA, steady-state free
precession sequences preserve this transverse magnet-
ization across TR cycles, leading to superimposition of
the spin echo upon the gradient echo component. How-
ever, phase shifts associated with rapidly flowing blood,
as in MRA or cardiac imaging, degrade image quality.
Application of balanced frequency, phase, and slice
selection gradients can help to eliminate such phase
shifts. Tissue contrast in b-SSFP sequences is depend-
ent on T2/T1, a parameter maximized in the blood and
cerebrospinal fluid (CSF). b-SSFP sequences are thus
most well-known for their role in bright-blood cine
imaging in cardiac imaging. Similarly, these techniques
can be applied to noncontrast-enhanced MRA, achiev-
ing high accuracy (7,50). Compared to other noncon-
trast approaches such as TOF, flow-related
exaggerations of vascular stenoses are less pro-
nounced, as vascular signal with b-SSFP is relatively
flow-independent. Artifacts due to turbulent flow can
nevertheless occur, often in the context of valvular dys-
function in cardiac imaging, appearing as a low-signal
intensity “jet” seen in the center of the vessel (47). TR is
typically short and flip angles large, yielding high con-
trast-to-noise ratios and short acquisition times. Elec-
trocardiogram (EKG)-gating may be useful, such as in
the assessment of the thoracic aorta (48). An example

of b-SSFP compared to traditional contrast-enhanced
MRA is provided in Fig. 15. The principle disadvantage
of b-SSFP with respect to image quality is artifacts sec-
ondary to off-resonance effects, principally owing to
field inhomogeneity or susceptibility effects.

Modified 3D SSFP sequences have been adopted for
use in noncontrast MRA of the abdomen and periph-
eral vasculature (49,50) as well as in carotid artery
imaging (51). These techniques, which involve back-
ground suppression and inflow enhancement, are
known by several vendor-specific acronyms (NATIVE
by Siemens, InHance by GE, and TRANCE by Philips).
For MRA, an initial IR RF pulse is applied to null sta-
tionary background and signal from slow-flowing
venous blood. A b-SSFP sequence is then initiated
during the recovery time, resulting in typical bright-
blood signal associated with b-SSFP techniques.
Because the IR RF pulse can be placed outside the
imaging volume, this technique can also be used for
MRV. An example of this technique is provided in Fig.
15 with comparison to other commonly used CE and
non-CE MRA sequences. An alternative approach uses
EKG gating to acquire TSE images during times of
maximum and minimum blood flow (52). Subtraction
of these datasets results in high intravascular signal.
This technique relies on pulsatility and is better suited
for use in areas with little patient motion (ie, lower
extremities) due to reliance on image subtraction.

SUMMARY

With an increasing number and complexity of techni-
ques in MRA, an image-based approach to under-
standing practical considerations is useful to
radiologists. Through recognition of these underlying
principles, the radiologist is more confident in chang-
ing sequence parameters to produce higher-quality
imaging, personalizing the examination to the needs
of the patient.
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Noncontrast-enhanced magnetic resonance angiography
(NCE-MRA) methods have been demonstrated in anatomies
throughout the body. Previously established NCE-MRA
techniques suffered from long scan times or low sensitivity.
Advances in hardware and software have made NCE-MRA
scan times clinically feasible. Recent concerns over the
safety of gadolinium-based contrast material combined
with the expense of the material and its administration
have generated a demand for NCE-MRA. In response, sev-
eral new NCE-MRA methods have been developed. The
physical mechanisms underlying five general classes of
NCE-MRA methods (inflow effect, flow-dependency on car-
diac phase, flow-encoding, spin labeling, and relaxation)
are explained. The original techniques of time-of-flight
(TOF) and phase contrast MRA (PC-MRA) are briefly intro-
duced. New developments in NCE-MRA, including hybrid
of opposite-contrast (HOP-MRA), four dimensional PC-MRA
(4D Flow), cardiac-gated 3D fast-spin-echo, flow-sensitive
dephasing (FSD), arterial spin labeling (ASL), and balanced
steady-state free-precession (bSSFP) are highlighted. The
primary applications, advantages, and limitations of estab-
lished and emerging NCE-MRA techniques are discussed.

Key Words: angiography; noncontrast; unenhanced; MRA
J. Magn. Reson. Imaging 2012;36:286–304.
VC 2012 Wiley Periodicals, Inc.

MAGNETIC RESONANCE ANGIOGRAPHY (MRA) appli-
cations have been a general application of MRI practice
since the inception of clinical MRI. The first applications
of MRA were performed without exogenous contrast
enhancement. These techniques leveraged the MR-
related differences between flowing and stationary spins
to generate depictions of bright vessels on a dark back-
ground. These techniques, including time-of-flight (TOF)
and phase contrast (PC), were the earliest developments
of noncontrast-enhanced MRA (NCE-MRA).

The use of gadolinium-based contrast enhancement
for MRA (CE-MRA), introduced in 1994 (1), greatly
accentuated the signal from inflowing blood via the
T1-shortening effect of gadolinium, resulting in
improved angiograms. The seminal work by Prince
was demonstrated on abdominal MRA, but soon
thereafter CE-MRA techniques were refined for use in
practically all anatomical regions (1–4). Due to its
excellent image quality and speed, and spurred by
improvements in MR hardware, software, and receiver
coils, CE-MRA was rapidly adopted by the radiology,
cardiology, and vascular communities for widespread
routine clinical practice.

Development of modern NCE-MRA techniques has
been motivated by several factors. Historically, Japan
has been a source of NCE-MRA development due to the
restriction of a maximum administration of 20 cc of con-
trast material per patient by the Japanese Ministry of
Health, Labor, and Welfare (5). Perhaps the greatest
source of Japanese interest in NCE-MRA stems from the
persistently high cost of contrast material relative to
clinical MR scan reimbursement by the Japanese medi-
cal establishment. Although contrast material is not as
relatively expensive in other parts of the world, the
added cost of contrast material combined with time,
personnel, and equipment for set-up and administration

of the contrast injection are additional motivators for the
clinical use of NCE-MRA over CE-MRA.

Beyond cost-savings, safety-related motivations for
avoiding contrast enhancement have compelled global
development of NCE-MRA. Concerns about a possible
link between gadolinium-based contrast agents and
nephrogenic systemic fibrosis (NSF) have brought into
question the use of these agents for MRA (6,7). While
this link has not yet been conclusively proven, a cor-
relative association has been identified by several
studies (8–12). As a precaution, the U.S. Food and
Drug Administration applied a black-box warning on
gadolinium-based contrast agents in 2007 (13). Due
to NSF concerns, it is recommended that special con-
siderations be taken regarding the use of gadolinium-
based contrast agents, especially for renal-compro-
mised patients (7,14,15). The confounding factor is
that it is often the renal-compromised patients who
are the patient population that needs an MRA
examination.

The recent renaissance in NCE-MRA owes as much
to technical advancements in MR hardware and soft-
ware as it does to its cost- and safety-related motivat-
ing factors. Multichannel receiver coil arrays generate
higher signal-to-noise ratio (SNR), which can be
exchanged for higher resolution. High bandwidth data
acquisition hardware combined with faster and stron-
ger gradients facilitate shorter TEs and TRs, enabling
faster scan times, higher SNR, and/or higher-resolu-
tion images. The application of parallel imaging tech-
niques in NCE-MRA has reduced shot durations and/
or the total number of shots, thereby greatly reducing
scan times (16,17). The higher field strength of the
increasingly prevalent 3T scanners not only improves
SNR, but also lengthens T1, resulting in reduced sta-
tionary tissue signal in inflow-based NCE-MRA and
longer blood transit times for spin labeling NCE-MRA.
Although these advancements have enabled the
progress of MRI in general, since NCE-MRA methods
have had traditionally longer scan times, lower resolu-
tion, and lower SNRs compared to CE-MRA, the com-
bination of these technical improvements has been
particularly important in making NCE-MRA applica-
tions feasible for routine clinical use.

This review article examines both established and
recently developed NCE-MRA techniques. These tech-
niques are categorized by their dominant mechanism:
inflow, flow-dependency on cardiac phase, flow-
encoding, spin labeling, and relaxation. The purpose
of this review article is to explain the physical mecha-
nism underlying each method and discuss their
relative advantages and disadvantages. In particular,
the characteristics of each technique are highlighted
with regard to coverage efficiency, scan time, sensitiv-
ity to vessel orientation, vessel selectivity, venous con-
tamination, and background suppression. For each
technique a brief overview of the clinical applications
is provided. A more detailed description of the clinical
applications using these techniques can be found in
complementary review articles (18–20). Other relevant
principles of MRA, such as arterial and venous flow
patterns and T1 and T2 values of arteries and veins,
are discussed elsewhere (18–23).
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Focusing on angiography, other general blood-flow-
related techniques will not be explored including per-
fusion applications of spin labeling, quantification of
cardiac function, or vessel imaging using black-blood
methods. While noncontrast-enhanced venography
can be accomplished with some of the techniques
(24), the primary focus will be on arteriography.

INFLOW-BASED TECHNIQUES

General Mechanism of Inflow Effect

The oldest class of NCE-MRA techniques relies on the
inflow effect of blood, also known as time-of-flight
(TOF) (25,26). The inflow effect is the result of the dif-
ference in exposure to radiofrequency (RF) excitation
of spins in stationary tissue versus spins in inflowing
blood. Repeated RF excitation of a section (slice or
slab) saturates stationary spins causing their longitu-
dinal magnetization (Mz) to approach a low steady-
state value (Mz �0), resulting in low image signal
intensity. However, inflowing blood entering the
section arrives with fresh longitudinal magnetization
(Mz ¼ 1), resulting in high image signal intensity.

The inflow effect is dependent on the refilling rate of
the section. The percentage of the blood that is
refreshed within a section is a function of blood veloc-
ity, repetition time (TR), and cross-sectional area of
the vessel (related to the section thickness). Figure 1
illustrates the inflow effect. For a simple plug-flow
model, if blood velocity > thickness/TR, the entire vol-
ume of blood within the section is replaced between
RF excitations. If the blood velocity is less than this
critical replacement velocity, some portion of the
blood volume will experience multiple RF excitations
and become partially saturated. In this partial satura-
tion regime the blood signal is dependent on the exci-
tation flip angle and the T1 of blood. It is this flip
angle/T1 dependency that CE-MRA exploits due to
the fast gadolinium-assisted T1 relaxation of contrast-
enhanced blood (1).

Inflow-based techniques are commonly paired with
a flow-compensated readout to reduce signal loss
from flow-induced spin dephasing (25,26). These flow-
compensated gradient waveforms use extra gradient
lobes to null gradient moments for both stationary
spins and flowing spins moving through the gradient
field. Flow-compensated gradient waveforms can be
applied on either or all of the readout (RO), phase
encode (PE), or slice select (SS) axes. Sequences like
balanced steady-state free-precession gradient-echo
(bSSFP, trueFISP, FIESTA, trueSSFP, bFFE) can also
be used for MRA due to the inherent flow-compensa-
tion provided by the moment balancing of bSSFP.

General Limitations of Inflow-Based Techniques

In inflow-based techniques, any inflowing blood,
whether from venous or arterial sources, arrives with
fresh longitudinal magnetization (Mz ¼ 1) and
appears bright. Hence, the inflow-based techniques
are prone to venous contamination. To generate
an arteriogram with minimal venous contamination,
venous suppression is often incorporated using a

‘‘walking’’ presaturation RF pulse. This selective pre-
saturation RF pulse is applied to the venous
upstream region relative to the imaging section. As
the imaging section is spatially shifted to the next
position, the venous presaturation region position is
shifted proportionately to ‘‘walk’’ with the imaging
section. In this way the relative distance between the
venous presaturation region and the imaging section,
and hence the venous suppression effect, is held
constant.

The inflow effect is dependent on the vessel orienta-
tion relative to the imaging section. The optimal
refreshment occurs for arteries running perpendicular
to the thinnest dimension of the section volume. For
vessels that lie generally in parallel with the imaging
section their effective refreshment rate is very low. For
this reason, inflow-based techniques are most appli-
cable for vessels with preferential orientations like the
carotid or peripheral arteries. For more tortuous ves-
sels like renal arteries or distal peripheral arteries in
the hand or foot, the refreshment rate is drastically
reduced and hence inflow-based techniques are rarely
used in these anatomies.

3D TOF

Description

The thick slab of 3D acquisitions poses a challenge
for inflow-based techniques. The blood velocity needs
to be very high to refresh the thick slab, so most often
3D TOF operates in the partial saturation regime. To
address this issue the slab can be split into multiple,

Figure 1. Illustration of the inflow effect. Bottom row: Spins
within the imaging section (dotted lines) are excited by the
excitation RF pulse. Middle row: After one TR period, station-
ary spins remain within the imaging section. Slow-flowing
spins have partially flowed out of the imaging section and are
partially replaced by fresh inflowing spins. Fast-flowing spins
have flowed out of the imaging section and are completely
refreshed by inflowing spins. Top row: pictorial images of the
inflow effect. Stationary spins are repeatedly saturated
and produce near zero signal. Slow-flowing spins are partially
saturated and produce low signal. Fast-flowing spins are
unsaturated at each excitation and produce high signal.
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thinner slabs. By using thinner slabs the critical
replacement velocity is reduced, resulting in increased
inflow refreshment. Often, the multiple slab coverages
are partially overlapped, reducing coverage efficiency.
Further enhancements to the thin slab approach
include multiple overlapping thin-slab acquisition
(MOTSA) (27,28). This hybrid 2D/3D method is
designed to greatly reduce the effective selection
thickness and increase the inflow effect. To further
reduce blood saturation, the slab can be excited using
an RF excitation pulse with ramped slice selection
profile like the tilted optimized nonsaturating excita-
tion (TONE) pulse (29). The TONE pulse reduces satu-
ration for spins entering the slab by using a low flip
angle at the inflow edge and a higher flip angle at the
outflow edge. To further suppress stationary tissue
signal, a nonselective off-resonance magnetization
transfer (MT) RF pulse can be applied to reduce the sig-
nal of brain parenchyma (29–31). Brain parenchyma is
more susceptible to MT saturation than blood due to
its greater relative macromolecular content.

Applications

The most common application of 3D TOF is intracra-
nial angiography (25–36). In particular, 3D TOF has
been used for diagnostic imaging of intracranial occlu-
sions (32,33) as well as aneurysms (34,35). The high
resolution of the 3D acquisition provides excellent
depiction of small intracranial vessels. Since physio-
logical motion is negligible in the head, long scan
times (>5 minutes) to acquire high-resolution images
are acceptable (36).

HOP-MRA

Description

The hybrid of opposite-contrast (HOP) MRA method is
an extension of 3D TOF (37). The HOP-MRA pulse
sequence begins with a flow-compensated echo acqui-
sition, similar to conventional 3D TOF. The first echo
is typically flow-compensated in all three axes. Within
the same TR, following the first flow-compensated
echo, a second flow-spoiled echo is acquired. Between
the first and second echoes, flow-dephasing bipolar
gradients (see Flow-Encoding section for further

description) are applied to all three axes to dephase
flowing spins, which results in a dark appearance of
blood. The echo data are reconstructed into two sepa-
rate images: bright-blood and dark-blood. Since it is
fundamentally 3D TOF, the bright-blood image
depicts fast-flowing blood better than slow-flowing
blood. On the other hand, the dark-blood image gen-
erates negative contrast even for slow-flowing spins,
including those in small branch arteries. The bright-
blood and dark-blood images are combined using
subtraction to yield a final angiogram (38). The com-
bined angiogram benefits from the strengths of each
source image; it is able to depict vessels with both
fast- and slow-flowing blood in a single angiogram
created from a single scan. Furthermore, stationary
tissue signal is mostly eliminated via subtraction,
thereby enhancing vessel depiction.

Applications

The intended application of HOP-MRA is the same as
3D TOF: intracranial angiography (37–39). Figure 2
illustrates the additional fine vessel structure depicted
by HOP-MRA compared to conventional 3D TOF.

2D TOF

Description

The thinner sections of 2D TOF allow faster inflow
refreshment and increased arterial signal compared to
3D TOF-based methods. However, since the 2D slice
thickness is typically larger (�3 mm) than the slice re-
solution of 3D TOF (�1 mm), the 2D TOF approach is
commonly used only for angiography of large gauge
vessels. Often, the 2D slices are acquired with some
overlap to reduce the discontinuities at the slice edges
in a maximum intensity projection (MIP) depiction of
the data—often called the ‘‘stairstep artifact’’ (40,41).
This 2D overlap reduces the coverage efficiency of the
technique. The 2D TOF technique is notorious for
depicting false stenoses at the carotid notch due to
reduced inflow refreshment caused by the angle of the
vessel orientation (42). Also, the 2D TOF technique
commonly generates signal voids in the carotid bulb
due to recirculating flow patterns (43).

Figure 2. Comparison of
axial projection MIP for (a) 3D
TOF and (b) HOP-MRA at 3T
on a 14-year-old girl with
moyamoya disease. The HOP-
MRA image shows increased
conspicuity of small vessels
compared to the conventional
3D TOF image. (Image cour-
tesy of Dr. K. Tsuchiya, Kyorin
University Hospital, Tokyo,
Japan.)
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Applications

The 2D TOF technique is commonly used for imaging
vessels with preferentially perpendicular flow and rel-
atively fast velocity like peripheral (41) and carotid
(43) arteries. It has been demonstrated for the evalua-
tion of stenosis in tibial and pedal arteries (41). In pe-
ripheral applications, 2D TOF is often combined with
systolic gating to capture the period of greatest blood
velocity, and hence greatest inflow effect.

QISS

Description

Recently, an inflow-based NCE-MRA technique called
quiescent interval single-shot (QISS) has been devel-
oped (44). The QISS technique relies on a presatura-
tion RF pulse to saturate the signal in the imaging
slice. Following the presaturation, during a ‘‘quiescent
interval’’ (QI) fresh inflowing blood enters the satu-
rated slice. The signal is quickly acquired using a sin-
gle-shot 2D bSSFP sequence. The trigger delay is
adjusted so systole occurs during the QI and signal
acquisition occurs during diastole. By aligning the QI
with systole, maximum inflow is achieved. The 2D
slice is moved sequentially from foot to head so the
slice can be continually filled with fresh, unsaturated,
inflowing blood. The QI is designed to be long enough
to allow adequate inflow, but short enough to main-
tain saturation of the stationary tissue signal. Since
the QI is relatively long compared to the short T1 of
fat, a fat saturation prepulse is commonly applied im-
mediately prior to bSSFP readout.

QISS differs from 2D TOF with regard to sensitivity
and speed. The inflow refreshment effect is much
greater for QISS than 2D TOF. The QI period
(�230 msec) allows for a relatively long time for inflow
refreshment compared to a typical TR of 2D TOF
(�30 msec). This greatly reduces the critical replace-
ment velocity, thus making QISS able to depict slow-
flowing blood. For a 3-mm slice, full inflow refreshment
can be achieved for QISS by blood flowing at 1.3 cm/s
versus 10 cm/s for the equivalent 2D TOF slice.

Applications

The use of QISS is dictated by some of the same limi-
tations as 2D TOF. The slice orientation of QISS
should be perpendicular to the general vessel orienta-
tion to improve the inflow effect. Therefore, its most
common application is for run-off studies in periph-
eral arteries (Fig. 3) (44). Due to its use of the bSSFP
readout, QISS requires good B0 homogeneity across
the image volume. Therefore, the useable extent of
field-of-view (FOV) and slice coverage is limited by the
quality of the static magnetic field (B0) shim. Accord-
ingly, QISS is often performed with a greater number
of smaller coverages with reshimming between each
coverage acquisition. Since QISS acquires a complete
slice in one cardiac R-R period (�1 sec), QISS is able
to cover a 15-cm region using a 3-mm slice thickness
in 1 minute versus 5 minutes for 2D TOF with similar
parameters. A multi-station run-off study (iliac to calf
station) using QISS takes �8–10 minutes, not includ-
ing time for repositioning or reshimming.

Figure 3. Coronal MIP of a multi-station peripheral run-off
study on a volunteer using QISS. Axial QISS data were
acquired with 1 � 1 mm in-plane resolution and 3 mm effec-
tive slice thickness (interpolated to 1.5 mm). In this example,
the total scan time for all stations was approximately 6
minutes 30 seconds. (Image courtesy of Dr. R. Edelman,
NorthShore University Health System, Evanston, IL.)
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CARDIAC PHASE-DEPENDENT TECHNIQUES

General Mechanism of Flow-Dependency
on Cardiac Phase

The cardiac-phase-dependent class of NCE-MRA tech-
niques relies on the physiologic difference in arterial
flow velocity between systolic and diastolic cardiac
phases. During systole, arterial flow is fast, whereas
during diastole arterial flow is slower. In contrast,
venous flow is nonpulsatile and relatively slow
(<5 cm/s) throughout the cardiac cycle.

This general class of NCE-MRA techniques leverages
the motion sensitivity of pulse sequences to produce
dark-artery (DA) image sets acquired during systole
and bright-artery (BA) image sets acquired during di-
astole. The DA image set is subtracted from the BA
image set to create the angiogram. Ideally, the signal
from stationary tissue in both image sets is identical
and therefore cancels in the final subtracted image.
The motion-sensitization of the technique can be gen-
erated or accentuated in several ways, which is fur-
ther described below.

Figure 4. Illustration of the effect of refocusing flip angle on vessel signal in diastole (bright-artery scan) and systole (dark-
artery scan). The large central artery contains fast-flowing blood and the two smaller branch arteries contain slow-flowing
blood. With high refocusing angles, although the small vessels are relatively bright in both systole and diastole scans, due to
subtraction, they appear dark in the angiogram. Due to low refocusing angles, the large artery signal is reduced in both dias-
tole and systole scans, resulting in weak depiction in the subtraction angiogram.

Figure 5. Example of the cardiac-gated 3D FSE NCE-MRA method in the popliteal region. Each image is a coronal MIP of
the coronally acquired 3D FSE image volume. The corresponding refocusing angle used in the FSE acquisition is listed below
each MIP. The horizontal arrow near the femoral artery highlights the signal loss in large arteries due to the low refocusing
angle. The vertical arrow near the posterior tibial artery highlights the improved depiction of branch vessels with low refocus-
ing angle.
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Cardiac-Gated 3D Fast-Spin-Echo NCE-MRA

Description

The fast-spin-echo (FSE, or turbo-spin-echo TSE)
sequence, including half-Fourier FSE or single-shot
FSE, is inherently sensitive to motion. Spins flowing
out of the imaging section during the echo train can-
not be repeatedly refocused by the RF refocusing
pulses. This signal void is the premise behind thin-
slice black-blood 2D FSE (45). However, in NCE-MRA,
thick-slab 3D FSE is used, so this source of flow-
related signal loss is minor and little flow-spoiling is
observed in the slice direction. The strongest flow-
spoiling effect for 3D FSE is in the RO direction due
to the alternate echo flow-spoiling effect caused by
the RO gradients in the echo train. In both the slice
and RO directions, the flow-spoiling effect is exacer-
bated by the use of sub-180� refocusing flip angles in
the echo train, resulting in even greater signal loss.
Essential concepts related to angiography applica-
tions of FSE, including flow-compensation (46), gradi-
ent moment nulling (47), and the T2-blurring effect
(48,49) are discussed elsewhere.

The inherent flow-spoiling of FSE is the underpin-
ning of cardiac-gated 3D FSE NCE-MRA. The original
2D projection spin-echo-based technique (50,51) was
later refined and extended to a 3D NCE-MRA tech-
nique (52,53). Cardiac-gated 3D FSE NCE-MRA pro-
duces images with dark signal (flow void) in arteries
with fast-flowing blood to create the systolic DA scan.
The slower blood flow during diastole generates high
arterial signal in the BA scan. Since the venous flow
is relatively constant in both image sets, venous con-
tamination is effectively removed via subtraction in
the final angiogram. This method is available com-
mercially as FBI, NATIVE SPACE, 3D Delta Flow, and
TRANCE.

The fast-spin-echo readout commonly uses only one
or two shots per slice encoding value to minimize total
scan time. Each shot uses a partial-Fourier echo train
to shorten the echo train length to reduce T2-blurring.
The RO direction is typically selected to be in parallel
with the general direction of flow to accentuate the
flow-spoiling effects of FSE (54). The scan is triggered
with either electrocardiographic (ECG) or peripheral
pulse gating (PPG). The ideal systolic and diastolic
trigger delay times are calibrated per patient. Often,
the image sets are acquired with fat suppression, typi-
cally using short-tau inversion recovery (STIR) or
spectrally adiabatic inversion recovery (SPAIR). While
fat suppression is not strictly necessary due to the
subtraction step which removes stationary tissue sig-
nal, the removal of fat improves the image quality in
the native DA and BA source image sets since they
are often diagnostically evaluated alongside the sub-
tracted angiogram (54). The DA and BA image sets are
acquired in direct succession to mitigate patient
motion and reduce image misregistration. Thus, the
total scan time for both systolic and diastolic acquisi-
tions using cardiac-gated 3D FSE NCE-MRA is in the
range of 3–4 minutes (54). A typical multi-station run-
off study (iliac to calf station) takes �10–12 minutes,
not including time for repositioning or recalibration of
cardiac delay times (54).

The motion sensitivity of cardiac-gated 3D FSE
NCE-MRA techniques is influenced by the choice of
refocusing flip angle (55). The refocusing flip angle
affects the relative depiction of fast-flowing blood in
large arteries versus slow-flowing blood in smaller
branch arteries, as illustrated in Figure 4 and exem-
plified in Figure 5. High refocusing flip angles (160�þ)
produce very bright signal in BA scans, but also refo-
cus more signal in arteries with slow-flowing blood in
DA scans. Thus, a high refocusing flip angle produces
a subtraction angiogram with bright signal for large
arteries, but weak signal for small arteries. Low refo-
cusing flip angles (<120�) produce lower signal for
large arteries in BA scans, but small arteries with
slower diastolic flow are less affected. The low refo-
cusing angle accentuates the FSE flow-spoiling effect,
resulting in reduced arterial signal in the DA scan,
even in smaller arteries with slow-flowing blood.
Thus, a low refocusing flip angle produces a subtrac-
tion angiogram with greater signal intensity in smaller
arteries and less signal intensity in larger arteries.
Accordingly, the proper refocusing flip angle can be
tuned depending on the arteries of interest.

In a similar fashion, the flow sensitivity of cardiac-
gated 3D FSE NCE-MRA can also be adjusted by add-
ing additional flow-dephasing or partially flow-com-
pensating gradient lobes in the RF echo train (53,54).
If additional flow-dephasing is added, the scan is able
to better depict slow-flowing blood. In the same man-
ner as the lower refocusing flip angle, using readout
gradients with additional flow-dephasing generates a
subtraction angiogram with relatively higher signal in
smaller arteries and weaker signal in larger arteries.
To better depict fast-flowing blood in large arteries,
such as the iliac, partially flow-compensating readout
gradients are commonly applied for the opposite
effect. The partial flow-compensation makes the read-
out gradients become less susceptible to signal loss
caused by flow-induced dephasing. Thus, similar to
the use of a high refocusing angle, the BA scan and
the DA scan both produce high signal for slow-flowing
blood in small arteries. The result is a subtraction
angiogram with bright signal in large arteries and
weaker signal in smaller arteries.

Unlike the inflow-based techniques, the choices of
FOV and section thickness have no impact on the
angiographic applications of the technique, other than
simple SNR and coverage efficiency considerations.
Since the cardiac-gated 3D FSE NCE-MRA readout
method is insensitive to B0 inhomogeneity, cardiac-
gated 3D FSE NCE-MRA can be used with robust
results near susceptibility fields (lungs) or with large
FOV coverage.

The cardiac-gated 3D FSE NCE-MRA techniques
have some fundamental limitations. Since these tech-
niques are cardiac-gated, they are sensitive to the
effects of arrhythmia or trigger delay calibration
errors. Due to the requirement of two scan acquisi-
tions and multiple R-wave intervals, the methods are
generally slow. Due to the inherent flow-spoiling
effects of FSE, very fast and/or turbulent flow, like
poststenotic flow, generates a flow void even in the BA
scan (42). Since the BA scan and the DA scan depict
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vessels with low signals in this region, a signal void
appears in the subtraction angiogram leading to a
tendency toward overestimation of stenosis. This over-
estimation can be mitigated by evaluation of BA images
in conjunction with the subtraction angiogram (54).

Applications

The large coronal FOV coverage, robustness to B0

inhomogeneity, inherent venous suppression, and
insensitivity to vessel orientation enable the wide-
spread application of cardiac-gated 3D FSE NCE-MRA.
Since the FSE readout can capture vessel signal close
to air–tissue interfaces, a common application is pul-
monary angiography. Cardiac-gated 3D FSE NCE-MRA
has been used in angiography of the thoracic and
abdominal aorta (5). Near the thoracic and abdominal
aorta, the acquisition can be performed with a single
diastolic BA scan to produce an angiogram with
minimal background signal since venous and station-
ary tissues are largely absent in this region.

The cardiac-gated 3D FSE NCE-MRA method is well
suited for peripheral run-off MRA due to its large vol-
ume coverage. Several clinical studies comparing car-
diac-gated 3D FSE NCE-MRA to computed tomogra-
phy angiography (CTA) (54) and CE-MRA (56,57) in
peripheral run-offs reported high diagnostic scores of
sensitivity (97%, 85.4%, and 100%, respectively) and
negative predictive value (NPV) (99%, 92.3%, and
100%, respectively). However, the clinical studies
reported lower diagnostic scores for specificity (96%,
75.8%, and 72.7%–85.5%, respectively) and positive

predictive value (PPV) (88%, 74.1%, and 66.7%–
78.2%, respectively). In addition, the CE-MRA
comparison studies (56,57) reported that 47.2% and
42.4%, respectively, of segments in cardiac-gated 3D
FSE NCE-MRA data were deemed nondiagnostic due
to image artifacts.

A modified cardiac-gated 3D FSE NCE-MRA tech-
nique using variable flip angles has also been applied
in angiography of the hands at 3T incorporating addi-
tional flow-dephasing gradients to enhance the depic-
tion of slow-flowing blood in the arteries of the
extremities (58). Figure 6 shows an example of
cardiac-gated 3D FSE NCE-MRA and x-ray digital
subtraction angiography (DSA) on a patient with
peripheral occlusive disease.

FLOW-ENCODING TECHNIQUES

General Mechanism of Flow-Encoding

In the same way that magnetic field gradients can be
used to encode the spatial position of spins, they can
be used to encode the motion, or flow, of spins. Spins
in the transverse plane flowing in the vector direction
of a gradient field accumulate phase proportional to
their speed. In this way, the flow velocity (direction
and speed) is encoded in the phase of the spins. Bipo-
lar gradients consisting of two equal but opposite am-
plitude gradient lobes are commonly used for flow-
encoding. The bipolar gradients generate net zero
phase for stationary spins but a nonzero phase for
flowing spins related to the amplitude and duration of

Figure 6. Example of cardiac-
gated 3D FSE NCE-MRA (left)
compared to x-ray digital sub-
traction angiography (right) on
a patient with peripheral occlu-
sive disease. The occlusion is
indicated by an arrow on each
image. (Image courtesy of Dr.
J. Levine, Little Company of
Mary Hospital, Evergreen Park,
IL.)
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the bipolar gradient lobes. Alternatively, the flow-
induced phase can be used for simple flow-dephasing
instead of flow-encoding.

Conventional Phase Contrast

Description

Phase contrast MRA (PC-MRA) uses flow-encoding
bipolar gradients to generate quantitative flow images
(59–61). Since the flow information is encoded in
phase, for PC-MRA, phase rather than magnitude
images are reconstructed. For the simplest case of 1D
flow quantification, two PC scans are acquired. Typi-
cally, alternate bipolar polarities are used (þ/� fol-
lowed by �/þ). By subtracting the two flow-encoded

PC phase images, the background phase accrual is
removed. Since stationary spins have zero net phase
after the subtraction, stationary tissue signals are
inherently suppressed in the displayed phase differ-
ence images. Quantitative measurements of flow
velocity can be calculated from the phase data using
the explicit relationship between velocity and bipolar
gradient amplitude and duration. These quantitative
data are presented as a flow map.

Since the bipolar gradients can be applied in any
combination of RO, PE, or SS axes, PC-MRA can be
used to measure directionality of flow as well as
speed. Thus, PC-MRA has the advantage of depicting
multidirectional flow, including recirculating flow pat-
terns. Unlike inflow-based techniques, which require
blood to flow through the slice to be visible, PC-MRA

Figure 7. Top row: CE-MRA and 3D T1 plaque MRI used for detecting the location and size of aortic high-risk plaques. The
plaque image shows a hypointense structure protruding into the proximal descending aorta (DAo) with a superimposed mo-
bile thrombus �8 mm. CE-MRA indicates plaque localization. Lower row: An emitter plane positioned at the location of the
aortic plaque was used to generate time-resolved 3D particle traces, which resemble the temporal and spatial evolution of
blood flow throughout the cardiac cycle. The series of images show systolic forward flow followed by substantial diastolic ret-
rograde flow. Marked diastolic retrograde flow originating from the location of the plaque in the proximal descending aorta is
clearly evident and reaches two of three brain-feeding arteries. This mechanism thus indicates a risk for retrograde emboliza-
tion in the brain stem and left hemisphere in the case of plaque rupture. (Image courtesy of Dr. M. Markl, Northwestern Uni-
versity, Chicago, IL.)
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can detect flowing blood that remains within the slice.
In its simplest form, PC-MRA requires two images to
generate flow data in a single direction. To visualize
flow in orthogonal directions, additional directional
pairs must be acquired at the cost of adding propor-
tionally more scan time.

Applications

Due primarily to its long scan times, PC-MRA is not
commonly used for routine MRA beyond specific niche
applications. Its most common angiographic use is as
a low-resolution scout sequence for identifying the
location of the carotid arteries. PC-MRA has also been
used to distinguish the degree of stenosis in renal (62)
and carotid (63) arteries.

4D Flow

Description

An emerging application of PC-MRA is the measure-
ment of flow dynamics with 4D flow mapping (64).
The fourth dimension in this application is time. The
technique generates time-resolved 3D PC flow maps
acquired with cine mode ECG gating. The fundamen-
tal techniques behind 4D flow have existed for some
time, but only recently have hardware and software
advances enabled the time resolution of the acquisi-
tion as well as the processing and visualization capa-
bilities to generate high-quality results.

Applications

Visualization of hemodynamics using the 4D flow
technique affords a comprehensive evaluation of
regional aortic flow characteristics. The 4D flow

technique has been applied to the measurement of
aortic pulse wave velocity (65) and wall shear stress
(66) for the purposes of identifying potential emboli
from high-risk atherosclerotic plaque (67). Figure 7
shows an example of 4D flow analysis of atheroscler-
otic plaque in the aorta.

Flow-Sensitive Dephasing

Description

Recently, an alternative flow-encoding-based tech-
nique called flow-sensitive dephasing (FSD) has been
developed (68). The FSD module consists of a 90�(x)-
180�(y)-90�(�x) spin-echo interspersed with optional
flow-encoding bipolar gradients (Fig. 8). In the FSD
technique, the flow-induced phase generated by the
bipolar gradients is not used for flow-encoding, but
rather flow-dephasing. At the RF echo, the flipback
90�(�x) RF pulse restores rephased transverse mag-
netization in stationary tissue to the longitudinal axis.
The dephased spins in flowing blood remain in the
transverse plane to be further crushed by the trailing
gradient. The motion sensitivity of FSD can be con-
trolled by the amplitude and duration of the bipolar
gradient lobes. This sensitivity is commonly referred
to in the literature as ‘‘m1’’ in reference to the first-
order moment the flow-dephasing gradients impart on
flowing spins. High m1 corresponds to strong flow-
dephasing effect, whereas m1 ¼ 0 corresponds to no
flow-dephasing.

The FSD technique also relies on the general mech-
anism of flow-dependency on cardiac phase. The DA
scan is acquired with high m1 during systole using
ECG or PPG gating. Specifically, the trigger delay is
calibrated to align the timing of the FSD prepulse

Figure 8. Example of FSD in the digital arteries. By using two FSD modules in succession with orthogonal flow-dephasing
gradient directions (RO axis followed by PE axis), the arterial depiction is improved compared to using only one FSD module
with a single flow-dephasing gradient direction (simultaneously applied on RO and PE axes). The arrows on the images indi-
cate vessels with signal improvement using the two-module versus the one-module approach. (Image courtesy of Dr. Z. Fan,
Northwestern University, Chicago, IL.)
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with the arrival of the systole bolus. The high m1 of
the flow-dephasing gradients generates low arterial
signal in the DA scan. The BA scan is acquired with
m1 ¼ 0 during diastole, resulting in high arterial sig-
nal. The DA magnitude image set is subtracted from
the BA magnitude image set to create the final angio-
gram. Like any subtraction-based technique, the
requirement of two scans increases scan time. Typical
total scan times are similar to cardiac-gated 3D FSE
NCE-MRA at 3 to 4 minutes. The FSD module is typi-
cally appended to a flow-compensated sequence like
bSSFP so the total flow-spoiling effect is dominated by
the choice of m1 and not the readout sequence itself.
Like cardiac-gated 3D FSE NCE-MRA, FSD commonly
uses a 3D acquisition to acquire good slice resolution
by acquiring in a coronal orientation.

Since all flowing spins produce a signal difference
in the BA-DA subtraction of FSD, venous signal can
also appear in the final subtracted angiogram. The
amount of venous contamination can be controlled by
selecting an optimal value of m1 (69). High m1 gener-
ates a strong signal difference between BA and DA
scans, thus generating bright arterial signal in the
angiogram. However, a high m1 also produces a large
signal difference between BA and DA scans in veins,
resulting in venous contamination. A low m1 only
weakly dephases the slowly flowing venous spins in
the DA scan, resulting in little venous contamination
in the angiogram. But a low m1 reduces the signal
difference between BA and DA scans for arteries,

particularly slow-flowing arteries, resulting in a loss
of arterial signal in the angiogram. Therefore, m1
needs to be calibrated based on a trade-off between
arterial signal loss and venous contamination (69).

The primary advantage of FSD is the high vessel
signal in the BA scan. Since the bSSFP readout
method is flow-compensated, all vessels are well-
depicted in the BA scan, regardless of velocity. In
comparison, the inherent flow-spoiling effect of the
FSE readout in cardiac-gated 3D FSE NCE-MRA
causes some arterial signal to be lost even in the BA
scan, especially in vessels with fast-flowing blood.
Compared to the FSE readout of cardiac-gated 3D
FSE NCE-MRA, the bSSFP readout of FSD provides
high SNR and sharp image resolution due to the lack
of T2-blurring. This feature enables FSD to produce
high-resolution angiograms particularly useful for
depicting small vessels in feet and hands. The use of
bSSFP requires good B0 homogeneity. Thus, similar to
QISS, the extent of applications is determined by the
quality of static magnetic field (B0) homogeneity.
Therefore, the FSD technique may potentially struggle
with large volume coverage or near areas with strong
susceptibility fields (eg, lungs).

The flow-dephasing effect is related to the direction
of blood flow relative to the direction of the flow-
dephasing gradients. Thus, blood flow perpendicular
to the flow-dephasing direction is not affected at all
and does not appear in the FSD-generated angiogram.
To address this orientation-sensitivity issue, at the

Figure 9. Illustration of the different spin labeling methods: (a) flow-in, (b) flow-out, and (c) tag-alternation. Refer to
Figure 10 for an illustration of the tag placement relative to the image volume for each method. A: Flow-in: following a
selective inversion pulse (typically corresponding to spatial region of the imaging volume) blood (red line) with fresh magnet-
ization flows into the imaging volume during the BBTI period while the stationary tissue (gray line) undergoes T1 recovery.
Data acquisition occurs near the null point of stationary tissue. B: Flow-out: An initial nonselective inversion pulse inverts
all magnetization. Immediately afterward, a selective inversion pulse, applied to a separate vessel tagging region, restores
magnetization only within the tagging region. During the BBTI, the restored blood flows into the imaging volume while
stationary tissue undergoes T1 recovery. C: Tag-alternation: the tag-off acquisition acquires an image with blood and station-
ary tissue with positive magnetization. The tag-on acquisition uses a selective inversion pulse (applied to a separate vessel
tagging region) to invert magnetization only within the tagging region. During the BBTI, the inverted blood flows into the
imaging volume. The subtraction of tag-on from tag-off data produces an angiogram with positive signal in regions fed by
inflowing blood and null signal in stationary tissue.
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cost of SNR loss due to T2 decay, additional FSD mod-
ules with orthogonal flow-dephasing directions can be
included. For example, FSD modules with bipolar gra-
dients on the RO axis and PE axis can be applied
sequentially to dephase all in-plane blood flow (70).

Applications

The FSD technique has been applied to peripheral
arteries using a single module with flow-dephasing
in the craniocaudal direction (68,69,71). The total ac-
quisition time for a 40-cm coverage is 3–4 minutes,
similar to cardiac-gated 3D FSE NCE-MRA. Using the
two-module approach, depiction of the tortuous ves-
sels in the hand can be achieved (70). Figure 8 shows
the application of the two-module approach to depict
the small vasculature of the digital arteries in exquis-
ite detail.

SPIN LABELING TECHNIQUES

General Mechanism of Spin Labeling

The general technique of arterial spin labeling (ASL)
uses some form of a selective inversion pulse to label

or ‘‘tag’’ the longitudinal magnetization of inflowing
blood. This tag can be applied in many ways, but the
fundamental purpose is to force the longitudinal
magnetization of flowing blood to differ from that of
stationary tissue. Following the tagging, an inversion
recovery delay period (TI) allows blood to flow into the
imaging slab, after which it is read out with a conven-
tional sequence. Spin labeling can be applied using
three methods: flow-in, flow-out, and tag-alternation.
The names ‘‘flow-in’’ and ‘‘flow-out’’ are in reference to
the flow direction relative to the selective tag. Figure 9
illustrates the basic pulse sequence for each method.
A pictogram of the typical flow-in and flow-out tag
placements is provided in Figure 10.

Flow-In Spin Labeling Method

Description

In the flow-in method, the tagging pulse is applied to
the entire imaging slab (Fig. 10). The tag inverts both
blood and stationary spins in the region of interest.
During the TI, fresh inflowing blood enters the imag-
ing slab while the spins in stationary tissue and blood
preexisting in the imaging volume return toward null

Figure 10. Illustration of flow-in and flow-out spin-labeling. The blue dotted box represents the selective tag region. The
image volume (black box) is fed by two arteries. The direction of flow for each artery is indicated by arrows. The grayscale color
represents longitudinal magnetization with white corresponding to positive (Mz ¼ 1) and dark gray corresponding to negative
(Mz ¼ �1). Top row: Flow-in spin labeling. The tag region typically corresponds to the imaging volume, although they need not
be identical. At TI ¼ 0, all spins within the tag region are inverted. After medium TI, fresh magnetization from outside the tag
has flowed into the vessels. At long TI, the blood has flowed into the distal branches. Stationary tissue signal has recovered by
T1 relaxation, reducing contrast. Bottom row: Flow-out spin labeling. In this illustration, the tag region was drawn above the
imaging volume. However, the tag region can be selected, rotated, and positioned independent of the imaging volume. At TI ¼ 0,
only the tagged region contains positive longitudinal magnetization; all other magnetization is inverted. At medium TI, blood
has flowed out of the tag region and into the imaging volume. Only the vessel fed with tagged blood is depicted in the image. At
long TI, blood has flowed into the distal branches of the tagged vessel while stationary tissue signal has recovered.
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magnetization (Mz � 0) via T1 recovery (Fig. 9a). The
imaging slab is then read out using any conventional
sequence. The fresh inflowing blood is depicted with
bright signal due to its full amplitude longitudinal
magnetization. If the TI approximately matches the
null point of stationary tissue, the background signal
is dark. These techniques are available under the
commercial trade names of time-SLIP, NATIVE true-
FISP, Inflow-IR, and b-TRANCE.

Applications

The most common clinical application of flow-in spin
labeling NCE-MRA is renal angiography. The complex
orientations of the aorta and renal arteries dictate the
use of bSSFP due to its inherent multidirectional flow-
compensation. The flow-in method is commonly used
with a tag over the kidneys (Fig. 11). Flow-in spin
labeling in conjunction with a respiratory real-time
motion correction technique has been used to depict
the renal arteries (72). Renal flow-in spin labeling
NCE-MRA has been compared to CTA (73) and DSA
(74,75) in several clinical studies. Similar to other
NCE-MRA techniques, the clinical comparison studies
(73–75) report high sensitivity (100%, 100%, and 93%,
respectively) but lower specificity (93%, 88%, and 88%,
respectively) for flow-in spin labeling versus

Figure 11. Example of renal NCE-MRA using flow-in
spin labeling. Coronal MIP image of a 37-year-old healthy
volunteer. The image was acquired using the flow-in tech-
nique with a spatially selective IR pulse applied to a
volume containing the kidneys. A presaturation pulse was
applied inferior to the renal region to achieve venous
suppression.

Figure 12. Example of the
flow-out spin labeling method
used for time-resolved NCE-
MRA of the left carotid artery.
Shown areMIP projections for TI
from 400 msec to 1200 msec.
Note that as the TI increases,
stationary tissue signal starts to
recover. (Image courtesy of
Y. Yamashita and T. Yamamoto
of Toshiba Medical Systems
Corp., Tochigi, Japan.)
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conventional radiology methods, indicating the poten-
tial of spin labeling NCE-MRA as a diagnostic screen-
ing test.

Flow-Out Spin Labeling Method

Description

The flow-out method applies the tagging pulse
upstream on a vessel of interest (Fig. 10). The selec-
tive tagging pulse is immediately preceded by a non-
selective inversion pulse (Fig. 9b). The nonselective
pulse first inverts all longitudinal magnetization,
including the stationary tissue and preexisting blood
in the imaging slab. The tag pulse selectively
restores the magnetization of the upstream tagged
blood to positive longitudinal magnetization (Mz � 1)
while leaving the longitudinal magnetization in the
stationary tissue inverted. The process unfolds
much like flow-in spin labeling; during the TI,
tagged blood with full magnetization flows out of the
tag region and into the imaging volume while the
magnetization of stationary tissue returns toward
null via T1 recovery. Like the flow-in method, the
background signal is dependent on the chosen TI
and stationary tissue T1.

Applications

Flow-out spin labeling has been used to depict vessels
in and around the liver including hepatic arteries (76),
hepatic veins (77), and the portal system (78). To depict
the hepatic veins, double tag pulses were applied with
one tag positioned on the upper liver to suppress sig-
nals from the aorta, and the other tag positioned below
the liver to suppress signals from the portal veins (77).
To depict the portal system, double tag pulses were
also used (78). One tag covered the liver and thorax
simultaneously to provide suppression of background
signal from liver and myocardium as well as suppress
inflowing blood from the hepatic arterial system. The
other tag was positioned below the liver to suppress
ascending venous blood signal from the inferior vena
cava to avoid overlap with the signal from the portal
vein. The effect of food intake on the portal system has
also been studied using flow-out spin labeling (79).

Another application of a 2D flow-out technique shows
bulk flow movement of cerebrospinal fluid in the intra-
cranial and intraspinal compartments (80).

Tag-Alternation Spin Labeling Method

Description

The tag-alternation method is the most standard form
of spin labeling. The method can be applied in many
forms, but the general concept is to acquire two scans
in an alternated fashion: a tag image with upstream
tagging of arterial blood and a control image without
tagging (81) (Fig. 9c). The subtraction of the two image
sets removes signal from stationary tissue and leaves
only the tagged spins in the resultant angiogram.

The tag application can be achieved with several
approaches. The tag can be applied with a selective
upstream tagging pulse that is alternated on-off in the
corresponding tag-control scans. This general method
is used for time-SLIP (82), STAR (83), STARFIRE (84),
and EPISTAR (85) techniques.

Applications

Tag-alternation spin labeling can be used for pulmo-
nary angiography using a sagittal selective tag placed
over the heart. During the TI, the blood flows out of
the tag and into the lungs, where it is later read out
using a 2D FSE (86) or 3D gradient-echo (87)
sequence. The portal system has been studied using
the tag-alternation method where both tag-on and
tag-off images were acquired in a single breath-hold
(88). Tag-alternation spin labeling can be used in ca-
rotid angiography with a tag applied over the heart
(84). Since spin labeling NCE-MRA is not hindered by
the limitations of inflow effects, it is able to depict
flow in the carotid notch and bulb. An example of a
time-resolved application in the left carotid artery is
depicted in Figure 12.

General Considerations for Spin Labeling Methods

In the flow-in method, only blood that flows into the
tag region (which corresponds to the imaging slab) is
visible. This inflowing blood can come from any

Figure 13. Example of bSSFP angiography of the coronary arteries in a 39-year-old female volunteer. Left: left anterior
descending (LAD) coronary artery. Middle: left circumflex (LCX) coronary artery. Right: right coronary artery (RCA). (Image
courtesy of Dr. Y. Ohmoto and staff of Radiology Department, Toranomon Hospital, Toyko, Japan.)
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supply source. In situations where an organ is fed by
multiple sources, like the portal vein, which receives
blood from both the splenic and the superior mesen-
teric veins, the relative contributions of each source
vessel cannot be determined using the flow-in
approach. Therefore, the flow-in method is most appli-
cable to angiography applications. In the flow-out
method, only blood selected by the finite tag region is
visible. Therefore, the flow depiction can be isolated to
distinct vessels. The flow-out method allows the sup-
ply functionality aspects of individual vessels to be
analyzed. In the tag-alternation method, a selective
tagging approach is used and hence its flow selectivity
characteristics are the same as the flow-out method.

Since the flow-in method depicts inflow from any
source, venous signal can also appear in the imaging
slab. To further suppress venous inflow, a spatial pre-
saturation pulse can be applied over the venous
source. For example, in renal applications of flow-in
spin labeling, an axial presaturation slab is commonly
placed inferior to the imaging volume to suppress ve-
nous inflow from the inferior vena cava.

Although all three spin labeling methods can be used
with any conventional data acquisition sequence,
they usually are used with either 3D bSSFP or 3D FSE
acquisition methods. Naturally, 2D acquisition is
available, but like other NCE-MRA methods, the 3D ac-
quisition is used to achieve good slice resolution. In
general, the high resolution and flow-compensation of
bSSFP makes it the method of choice for most applica-
tions except for pulmonary arteries and subclavian
vessels near the air–tissue interface of the lungs, where
FSE is preferred. Although spin-labeling techniques
can be cardiac-gated if it is appropriate for the applica-
tion, spin labeling does not require cardiac-gating
like the cardiac-phase-dependent class of NCE-MRA
methods.

The flow-in and flow-out techniques require careful
selection of the TI with respect to the flow velocity in
the vessel of interest and the T1 of stationary tissue.
Ideally, the TI is chosen to correspond to the null
point of the stationary tissue. However, if flow is slow,
a longer TI might be required for good vessel depiction
at the cost of increased background signal. Thus, the
flow-in and flow-out techniques are best suited for
applications where blood velocity is fast relative to TI.
The removal of signal from stationary tissue via sub-
traction using the tag-alternation method avoids the
dependency on TI. Therefore, the tag-alternation
method can be applied for even arteries with slow-
flowing blood like those in the distal extremities. Since
the spin-labeling methods can be used across a range
of TI, they can be used to acquire time-resolved NCE-
MRA data. By incrementally adjusting TI for N
repeated acquisitions, blood flow dynamics can be
depicted. Since the TI can be freely selected for each
of the N images, the time increment using this
approach can be arbitrarily small. However, in prac-
tice, the time range and resolution is bounded by the
scan time burden of N (or Nx2 in the case of tag-alter-
nation) acquisitions. The maximum TI is bounded by
the tag persistence, which decays with the T1 of
tagged blood.

RELAXATION-BASED TECHNIQUES

General Mechanism of Using Relaxation
for NCE-MRA

The fundamental differences in relaxation between ar-
terial, venous, and adjacent stationary tissue can be
leveraged to generate angiograms. The T2 and T2* of
venous blood is shorter than that arterial blood due to
the reduced oxygenation of hemoglobin (22,23). In
general, the T1 of adjacent stationary tissues, whether
muscles or organs, is shorter than that of blood, since
blood consists of a higher percentage of free water
(22). Arterial signal can be selectively depicted, and
venous and stationary tissue signals relatively sup-
pressed, using one or more approaches based on T2/
T1-, T2-, T2*-, or T1-weighted contrast without the
explicit removal the stationary tissue signal using sat-
uration, subtraction, or inversion recovery mecha-
nisms as in other NCE-MRA methods. Since the vessel
depiction is independent of flow velocity, orientation,
or dependency on cardiac cycle, these techniques are
often referred to as ‘‘flow-independent.’’

The relaxation-based approach fundamentally relies
on venous and surrounding stationary tissue signals
decaying faster than arterial signals. Thus, these
approaches result in some collateral arterial signal
loss. Therefore, relaxation-based NCE-MRA must
trade-off between improving the quality of suppres-
sion at the cost of arterial signal loss. In practice,
signals from stationary tissue and veins are nonzero
as they would be with subtraction-based methods.
But depending on the application, perfect background
suppression is not necessary if the vessels of interest
are adequately conspicuous.

bSSFP

Technique

With the proper sequence parameter selection, the
T2/T1-weighted contrast and inherent flow-compen-
sation of bSSFP generally makes signal from station-
ary tissue relatively dark compared to the bright
signals from the vessels. In this way, bSSFP can be
used by itself as an NCE-MRA method. The bSSFP
sequence depicts all blood in the imaging slab regard-
less of its source or flow velocity. Therefore, venous
signal appears in the bSSFP images alongside arterial
signal. To enhance arterial depiction, an inversion re-
covery pulse coupled with a T2-preparation prepulse
(basically an FSD module without the flow-encoding
gradients) can be used to suppress adjacent tissue
and veins while leaving arterial signal mostly intact
(89,90). Often, fat signal appears bright in bSSFP
images. Therefore, some form of fat suppression is
typically employed to increase vessel-to-background
contrast.

Applications

The multidirectional flow-compensation of bSSFP
makes the technique a good candidate for imaging the
renal arteries. Two clinical studies comparing breath-
hold bSSFP NCE-MRA with DSA (91) and CE-MRA
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(92) in the detection of renal stenoses reported strong
potential for bSSFP as a screening test with sensitiv-
ities of 100% and 92%, respectively, and specificities
of 98% and 81%, respectively. Another clinical study
reported significant improvement in image quality
using respiratory navigator-gated bSSFP NCE-MRA
instead of the breath-hold approach (93). The Dixon
method bSSFP, where two bSSFP images acquired
with different center frequency offsets are combined
using the Dixon method (94), has been demonstrated
to depict conspicuous vessels with good fat suppres-
sion for NCE-MRA in renal arteries (95) and arteries
of the extremities (96). Also leveraging the frequency
selectivity of bSSFP, fat-suppressed bSSFP NCE-MRA
can be used in conjunction with an alternate TR
bSSFP technique to reduce fat signal to image the
arteries in the lower extremities (97).

Due to the very fast flow and lack of substantial fat
or venous vasculature, bSSFP is particularly applica-
ble to NCE-MRA in and around the heart. A common
application of bSSFP is coronary NCE-MRA (98). By
incorporating thin-slab 3D bSSFP with ECG-gating
and breath-holding, high-resolution angiograms of the
coronary arteries can be obtained (Fig. 13). More
recently, free-breathing navigator-gated, whole-heart
NCE-MRA has been successfully used to acquire volu-
metric image sets (99). The whole-heart image volume
data can be repeatedly reformatted to deliver the best
depiction of each vessel, which is especially useful
given the curvature of the coronary arteries. Another
common application of bSSFP NCE-MRA is imaging
the thoracic aorta (100). The inherent flow-compensa-
tion of bSSFP is able to capture the fast arterial flow
in the aorta.

SUMMARY

NCE-MRA has been demonstrated in a wide variety of
cardiovascular applications including brain, heart,
lungs, liver, kidneys, hands, and lower extremities.
The proper NCE-MRA method for each application
depends on the anatomy and characteristics of the
vessels of interest. In the above discussion, estab-
lished and emerging methods are compared and con-
trasted with regard to their features and limitations.
Table 1 summarizes these techniques and their
intended primary applications.
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