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Principles of Magnetic Resonance 
Angiography Techniques

INTRODUCTION

Depiction of the arterial circulation is essential for appropriate diagnosis 
and treatment planning of patients with arterial disease. Catheter-based X-ray 
arteriography has long been the most reliable approach as it offers excellent vessel 
contrast and spatial resolution as well as short imaging time (1, 2). However, since it 
is expensive and invasive with the risk of arterial complications (3-5), alternative non-
invasive angiography methods have been sought.

Current non-invasive angiography modalities include duplex ultrasound, 
computerized tomography (CT), and magnetic resonance imaging (MRI). Duplex 
ultrasound can be used as the first-line diagnostic tool due to its low cost and ability 
to provide flow information. However, it is highly operator-dependent, and suffers from 
limited extent of anatomical coverage and obscuration by dense calcification (6, 7). 
Computerized tomography angiography (CTA) offers superior spatial resolution and high 
signal-to-noise ratio (SNR), enabling excellent diagnostic sensitivity and specificity 
(8, 9). However, due to its well-established risks of ionizing radiation and iodinated 
CT contrast agents, CTA is often been reserved for patients with a high likelihood of 
pathology (10, 11).

A well-known key advantage of general MRI is that it allows for huge flexibility of 
tissue contrast. As such, various MR techniques that generate angiographic contrast, i.e., 
bright arterial signal with dark background signal, have been developed. As different 
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Magnetic resonance angiography (MRA) plays an important role in accurate diagnosis 
and appropriate treatment planning for patients with arterial disease. Contrast-
enhanced (CE) MRA is fast and robust, offering hemodynamic information of arterial 
flow, but involves the risk of a side effect called nephrogenic systemic fibrosis. 
Various non-contrast-enhanced (NCE) MRA techniques have been developed by 
utilizing the fact that arterial blood is moving fast compared to background tissues. 
NCE MRA is completely free of any safety issues, but has different drawbacks for 
various approaches. This review article describes basic principles of CE and NCE 
MRA techniques with a focus on how to generate angiographic image contrast from 
a pulse sequence perspective. Advantages, pitfalls, and key applications are also 
discussed for each MRA method.
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MRA techniques have their own advantages and drawbacks, 
the optimal type may differ for specific applications. In 
this review article, we aim to describe principles of various 
MRA techniques with a focus on pulse sequences and 
corresponding image contrast generation mechanisms. 
Advantages, pitfalls, and key applications are also discussed 
for each clinically available method as well as experimental 
ones recently proposed.    

Contrast-Enhanced MRA
The most established protocol of MRA uses gadolinium-

based contrast agents which shorten T1 of nearby tissues, 
along with RF spoiled 3D gradient echo sequence (GRE) 
which achieves pure T1 contrast by nulling transverse 
magnetization at the end of every TR (12) (Fig. 1). Arterial 
blood affected by nearby contrast agent will have shorter 
T1 and experience faster Mz recovery, thus yielding 
higher signal than tissues not affected by the contrast 
agent. Typical protocols acquire 3D GRE images prior to 
administration of contrast agent (pre-contrast). The same 
3D acquisitions are then repeated 4-5 times after contrast 
injection. This time-resolved multi-acquisition strategy can 
reduce the risk of suboptimal arterial enhancement when 
imaged too early or the risk of venous contamination when 

imaged too late (Fig. 2). 
Frequency-dependent view sharing, commercially named 

as TWIST, TRICK, or 4D TRACK depending on MR vendors, is 
often used to improve temporal resolution of time-resolved 
CE-MRA (13-15). Based on the fact that most energy of 
k-space data is concentrated near the origin, this approach 
updates low-frequency components more often than high-
frequency components to improve effective temporal 
resolution (Fig. 3). Another supplementary approach to 
improve temporal resolution is application of compressed 
sensing (16). Images generated by CE-MRA are very sparse 
(most pixel values are nearly zero) and three-dimensional 
that are favorable conditions for compressed sensing, thus 
allowing for high-rate scan acceleration (17-19). 

CE MRA is fast and robust, offering hemodynamic 
information of arterial flow, and has shown excellent 
diagnostic performance in diverse applications (20-25). 
However, intravenous administration of contrast agents 
increases examination costs and patient discomfort, and 
limits available acquisition time, thus limiting achievable 
spatial resolution. Furthermore, the risk of nephrogenic 
systemic fibrosis (NSF) remains an unresolved and 
potentially devastating clinical issue. While the incidence 
of NSF has been significantly reduced by screening out 

Fig. 1. Simulated longitudinal 
magnetization (Mz) over excitations 
in RF-spoiled gradient echo (GRE) 
imaging with pure T1 weighting.

Fig. 2. Time-signal curves for 
arterial blood and venous blood 
in gadolinium-based contrast 
enhanced MR angiography. As the 
contrast agent flows through the 
vascular system, arterial blood and 
venous blood light up sequentially 
due to increased T1 values by the 
contrast agent. Image captured too 
early after the injection of contrast 
agent may fail to depict distal 
arteries, while images captured 
too late may suffer from venous 
contamination. 
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patients with ≥ stage 4 chronic kidney disease (CKD) and by 
reducing contrast the dose, the NSF risk continues to be an 
important safety consideration (26-28). 

Time of Flight 
Time-of-flight (TOF) imaging is the most classical MRA 

technique which does not use contrast agents (29, 30). 
When GRE sequence is applied with imaging slice or slab 
oriented orthogonal to arterial vessels, the magnetization 
of stationary tissues can get saturated and reach a steady-
state value of small magnitude whereas moving arterial 
blood experiences only a small number of excitations and 
retains large magnetization staying in a transient state (Fig. 
4). TOF is widely available in clinical practice, and routinely 
used for neurovascular applications. The major issue in 
TOF is that in-plane and/or slowly moving arterial blood 
may experience undesirable large numbers of excitations 
and therefore result in a signal loss (i.e., deviate from the 
transient state and get closer to the steady state).

Both 2D and 3D versions of TOF are in active clinical 
use. 2D TOF is advantageous for the depiction of slow 

flow due to its thin slice excitation. It is popular for 
neck angiography. However, achievable resolution in the 
through-plane direction is limited due to the limitation of 
minimal possible excitation thickness (~3 mm). On the other 
hand, 3D TOF enables high spatial resolution in through-
plane direction as well. Thus, it is the method of choice 
for cerebral angiography which requires high resolution 
in all three directions. As a tradeoff, 3D TOF suffers more 
from saturation effects than 2D TOF, making it difficult to 
visualize small vessels with 3D TOF. 

Slab-Selective Inversion Recovery
Slab-selective inversion recovery (SS-IR) imaging, 

commercially named as Inhance inflow IR, B-Trance, or 
Native, is a non-contrast-enhanced (NCE) technique that 
is often used for renal and abdominal angiography (31-33). 
The SS-IR pulse sequence consists of an SS inversion pulse 
that excites the imaging volume as well as inferior veins, 
a subsequent delay time, and a segmented 3D acquisition 
(34, 35) (Fig. 5). When used in abdominal areas, respiratory 
gating is necessary to mitigate effects of breathing motion. 

Fig. 3. View sharing strategy 
with varying update rates for 
time-resolved dynamic contrast-
e n h a n c e d  M R A .  T e m p o r a l 
resolution of dynamic MRA can 
be improved by updating low 
frequency components more often 
than updating high frequency 
components.

Fig. 4. Principle of time-of-flight 
(TOF) MRA. When imaging slice 
is oriented orthogonal to arteries 
in GRE imaging, static tissues are 
saturated over repeated readout 
excitations while arterial blood 
magnetization remain high in 
transient state due to exposure to a 
limited number of excitations.
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The inverted static tissues and venous blood are recovered 
only partially during the inversion delay time, and thus 
generate small signals. Whereas, fresh upstream arterial 
blood above the inversion volume is delivered to abdominal 
aorta and renal arteries, and generates high signal. Since 
abdominal regions involve breathing motion, respiratory 
gating should be used for motion-artifact-free images at 
the cost of increased scan time.  

The drawback of SS-IR angiography is that only upstream 
arterial blood outside the inversion volume contributes to 
the final angiographic contrast. To ensure sufficient inflow 
of the upstream arterial blood into the imaging all the 
way to renal arteries, an inversion delay time of 1.0-1.4 s 
is commonly used in clinical practice. However, the delay 
time is longer than the optimal value for suppressing kidney 
tissues and veins, which is approximately 700 ms at 1.5T,
assuming a sufficiently long respiratory cycle for near-
complete recovery of magnetization (see Fig. 1b in Ref. (36)). 
Another consequence of using only upstream arterial blood 

is limited superior-inferior (S-I) coverage. It would require 
an impractically long inversion delay time for the upstream 
arterial blood to reach inferior abdominal aorta and iliac 
arteries. 

Quiescent Interval Single-Shot 
Quiescent interval single-shot (QISS) imaging is another 

inflow-based NCE MRA technique which was initially 
developed for peripheral applications (7). The QISS pulse 
sequence consists of a slice-selective saturation pulse that 
nulls signal of the imaging slice, a subsequent delay time 
called quiescent interval, and a single-shot 2D acquisition 
(Fig. 6). This is repeated multiple times for adjacent slice 
locations without a slice gap to eventually form a 3D 
angiographic volume. Similar to SS-IR, during the delay 
time, fresh upstream arterial blood will flow into the 
imaging slice and appear bright when imaged. Saturated 
stationary background tissues are recovered only partially, 
yielding a low signal. 

Fig. 5. Principle of slab-selective 
inversion recovery angiography. The 
pulse sequence consists of slab-
selective inversion, delay time of 
1.0-1.5 sec, and segmented 3D 
acquisition. During the delay time, 
inverted static tissues and venous 
blood can only recover partially 
whereas upstream arterial blood is 
not affected by the inversion pulse 
flow into the imaging volume, 
thereby exhibiting high signals in 
resultant images. 

Fig. 6. Principle of quiescent 
interval single-shot imaging (QISS). 
The pulse sequence consists of thin 
saturation preparation, quiescent 
interval period, and single-shot 2D 
acquisition. During the quiescent 
interval, saturated static tissues 
recover only partially while fresh 
upstream arterial blood flows into 
the imaging volume. This is repeated 
multiple times for neighboring 
slices without a slice gap to form 
3D volume of angiogram.
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QISS is robust to a wide range of arterial flow patterns 
due to a short S/I path required for fresh arterial blood 
to traverse during the saturation delay. Among non-
contrast techniques, QISS has shown the greatest promise 
in patients with peripheral artery disease with advantages 
of ease of use and short scan (37-39). Since its initial 
peripheral application, QISS has been used for neck and 
coronary angiography (40, 41). Limitations of QISS include 
sub-optimal depiction of slow and in-plane-oriented vessel 
segments within the saturation region and limited S-I 
resolution due to limited minimal slice thickness. Thin slab 
3D QISS has also been developed recently to overcome the 
limited S-I resolution (42). 

Coronary Angiography
In coronary angiography, the main image contrast 

should highlight coronary arteries and suppress fat and 
muscles that closely surround arteries. To enhance arterial 
signals, segmented 3D acquisition sequence uses balanced 
steady-state free precession (b-SSFP) or T1 weighted GRE 
with contrast agents. For muscle and fat suppression, T2 
preparation pulse and fat saturation preparation pulse 
precede the segmented acquisition module. 

Due to the need for high-resolution 3D encoding, 
coronary MRA needs to be performed during free-breathing, 
which necessitates estimation and correction for respiratory 
motion. The most established approach applies cylindrical 
excitation across the diaphragm-air interface followed 
by 1D spatial encoding in S-I direction (43, 44) (Fig. 7). 
Resultant 1D signal, when collected over time (cardiac 
cycles), traces the S-I motion of the diaphragm. Acceptance 
window (typically 5 mm) is pre-defined so that segmented 

cardiac data are acquired or abandoned when corresponding 
diaphragm positions fall within or outside the window. For 
additional correction for residual respiratory motion (smaller 
than the gating window), the empirically found correlation 
between the S-I motion of the diaphragm and the heart is 
utilized (typically 0.6). Although the diaphragm navigator 
is in wide clinical use, many studies have found sources of 
inaccuracy of the diaphragm navigator such as hysteresis 
during a respiratory cycle and subject-dependent motion 
correlation between the diaphragm and heart (44-47). In 
addition, considering S-I motion only might be insufficient 
for subjects who exhibit significant motions in other 
directions. 

Subtractive Angiography Techniques
Subtractive angiography methods acquire a reference 

image with bright arterial contrast and another image with 
black arterial contrast. Subtraction of the reference image 
by the black artery image will result in artery-only image 
with suppressed background (Fig. 8a). How to obtain the 
black artery contrast is the key component, which can be 
achieved by two approaches: fast spin echo acquisition 
and diffusion preparation. Half-Fourier fast spin echo (FSE) 
method utilizes the inherent flow-spoiling of FSE in the 
readout direction (48). By acquiring two data sets, one 
at systole and the other at diastole with cardiac gating, 
spoiled and un-spoiled arterial blood images are obtained 
(Fig. 8b) and subtracted for background-suppressed artery-
only image. Another subtractive NCE MRA method uses 
a pulse sequence of 90x-G-180y-G-90-x as magnetization 
preparation (termed diffusion preparation or flow sensitive 
dephasing preparation, Fig. 8c) (49, 50). The magnetization 

Fig. 7. Principle of free-breathing 
3D coronary angiography. The 
pulse sequence is cardiac gated. 
It applies respiratory navigator, T2 
preparation, fat saturation, and 
segmented 3D acquisition. The 
respiratory navigator applies pencil 
beam-shaped excitation across 
the liver-air interface to obtain 
1D signals over cardiac cycles. 
It decides whether to record or 
abandon data segments obtained in 
the same cardiac cycle based on a 
pre-defined acceptance window. 
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response over velocity is sinusoidal for each isochromat. 
However, due to distribution of varying flow velocities 
within each voxel, net signal is small for fast moving arterial 
blood at systole. In this approach, the reference image is 
obtained by turning off the gradient pulse in the diffusion 
preparation which is equivalent to T2 preparation.  

Subtractive MRA methods can be easily combined with 
3D encoding, thus enabling high spatial resolution in all 
three dimensions. As such, they have shown great promise 
in lower and upper extremities (51-54). The subtractive 
nature of this approach enables perfect background 
suppression and therefore superior artery-to-background 
contrast. However, it has issues of increased scan time and 
high sensitivity to motion between acquisitions of two 
images.

Velocity-Selective Angiography
At the heart of velocity-selective MRA (VS-MRA) is 

Fourier-based velocity-selective magnetization preparation 
which generates image contrast by modulating the 
amplitude and phase of each magnetic spin as an 
explicit function of its velocity without its regards to 
spatial location (55, 56). By allocating velocity stop- and 
pass-bands appropriately, VS preparation can suppress 
background tissues without perturbing arterial blood, 
thereby creating angiographic image contrast (Fig. 9). Due 

to its spatially non-selective nature, VS preparation can be 
combined with 3D encoding with high spatial resolution and 
large field of view in all three dimensions, unlike inflow-
based 2D multi-slice approaches such as 2D TOF or QISS. VS 
preparation also generates positive angiographic contrast 
directly from a single acquisition, as opposed to subtractive 
3D approaches that require two acquisitions. With cardiac 
gating and appropriate trigger delay, a VS preparation pulse 
is played near the time of peak systolic flow followed by a 
fat saturation pulse and a 3D segmented data acquisition 
as in other magnetization prepared imaging. The segmented 
acquisition module uses b-SSFP at 1.5T and GRE at 3T. 

Beginning with peripheral applications, VS-MRA has 
shown its feasibility for diverse vascular territories, including 
renal, abdominal, pedal and cerebral arteries (57-61). As VS 
preparation pulses include many RF and gradient pulses, 
and therefore prone to B0 and B1 field errors, various 
versions have been developed to mitigate the effects of field 
errors (62, 63). Other potential issues include sub-optimal 
depiction of very slow arterial flow and difficult suppression 
of fast venous flow. 

In conclusion, MRA is available in various types of pulse 
sequences depending on target arterial territories. CE 
approaches are the most established ones, offering high 
angiographic contrast in a time-resolved fashion, but have 
risk of NSF in patients with reduced kidney function. TOF 

Fig. 8. Principle of subtractive 3D 
angiography. A reference image 
with bright arterial contrast is 
subtracted by another image with a 
black blood contrast to yield artery-
only angiogram (a). One approach 
acquires reference and black-blood 
images by employing fast spin echo 
(FSE) sequence at mid-diastole 
(where arterial blood flows slowly 
and looks bright in FSE image) 
and at systole (where arterial 
blood looks dark), respectively (b). 
Another approach acquires black-
blood image by applying diffusion 
preparation and reference image 
by turning off gradient field in 
diffusion preparation (c). 

a

b

c
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MRA is widely used for neurovascular applications without 
needing contrast agents. Other non-gadolinium-enhanced 
methods include SS-IR imaging, QISS imaging, respiration-
gated imaging, and VS angiography. 
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