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The principles and clinical applications of the dif ferent magnetic resonance angiography (MRA) 
techniques that are available in clinical settings are described in this paper. 

Time-of-flight (TOF) MRA is the most common MRA method, per formed without the 
intravenous injection of any contrast material. The high diagnostic accuracy of brain three-
dimensional TOF MRA in the detection of both steno-occlusive lesions and aneurysms is well-
known. Therefore, MRA is usually performed first in suspected cases of these vascular lesions, 
with subsequent computed tomography angiography (CTA) or conventional angiography for 
further examination. 

Phase-contrast MRA is another magnetic resonance technique that allows for the evaluation of 
flow directions and flow velocities, which is a specific advantage of MRA as compared with CTA.

In peripheral arteries, fresh blood imaging (FBI) or contrast-enhanced MRA is preferable 
because two-dimensional TOF MRA requires a long acquisition time. FBI is a novel and non-
invasive MRA technique. However, this technique has been introduced relatively recently and is 
not available in many current magnetic resonance systems.

Key words: magnetic resonance angiography (MRA), Time-of-flight (TOF), Phase-contrast (PC), 
Fresh blood imaging (FBI)
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1.  Introduction

Magnetic resonance angiography (MRA) is the depiction 
and characterization of blood vessels and blood flow using 
magnetic resonance imaging (MRI). MRA encompasses a 
wide variety of magnetic resonance sequences that have 
been devised to provide angiographic contrast (Table 1). 
The technique’s name suggests an equivalence to 
conventional angiography (i.e., digital subtraction 
angiography, DSA); however, MRA and DSA dif fer in 
many ways. Notably, one important advantage of MRA 

over both DSA and computed tomography angiography 
(CTA) is its non-invasiveness, or nonuse of irradiation. 
The second major benefit of MRA is that it can be 
per formed without intravenous injection of contrast 

Table 1.  Imaging and post-processing reconstruction techniques of 
MRA 

Imaging Techniques: 
1. Non-contrast MRA

1.1.  Time of Flight (TOF) MRA
1.2.  Phase Contrast (PC) MRA
1.3.  Fresh Blood Imaging (FBI)

2. Contrast-enhanced MRA
Post-processing Reconstr uction Techniques:

1. Maximum Intensity Projection (MIP)
2. Volume Rendering (VR)
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materials (non-contrast MRA). However, MRA does not 
always provide a precise anatomical depiction of the 
vessel lumen. Rather, it provides a functional representation 
of the vessels that reflects blood flow patterns and 
velocit ies1). The disadvantages of  MR A include 
contraindications to MRI, noise, and long imaging time. 
Patients with “MR-unsafe” materials (e.g., MR-unsafe 
cardiac pacemaker, MR-unsafe aneur ysmal clip) are 
contraindications to MRI. “Magnetic resonance-conditional” 
pacemakers are not widely used; therefore, most patients 
with cardiac pacemakers cannot be examined. Patients 
with metallic materials (e.g., artificial joints, metallic stents, 
and hemostatic clips) can generally undergo MRI, although 
regional image distortion is inevitable.

Regardless, in the case of any MRA technique, the 
obtained original images are reconstr ucted with 
maximum intensity projection (MIP) or volume rendering 
(VR) to obtain angiographic images (Fig. 1).

In this ar ticle, the main concepts and clinical 
applications of  common MRA techniques will be 
described. 

2.  Time-of-f light (TOF) MRA

2.1.  The principles of  TOF MRA
TOF MRA is the most widely used MRA method in 
clinical settings, especially for the evaluation of the 

intracranial vessels (Figs. 1, 2).
The TOF MRA technique demonstrates contrast 

between flowing blood and stationar y tissue. When 
repetition time is ver y shor t, the magnitude of the 
magnetization from the spins of stationary tissue is small 
because of the saturation ef fect, while the magnitude of 
the magnetization from the spins of flowing blood is high. 
In TOF angiography, radiofrequency pulses are applied 
only to a thin slice or slab of tissue within the patients. 
Only the volume of material that is pulsed becomes 
saturated. Blood that is outside of this area and that has 
not been pulsed is fully relaxed and possesses its full 
magnetization. As this relaxed blood enters the volume, it 
appears bright2). This leads to a high signal being present 
from moving spins, with background tissue signal 
suppression (representing a so-called “flow-related 
enhancement” or “inflow effect”). 

For a successful TOF angiography procedure to occur, 
blood must enter the chosen area with relatively high 
velocity and traverse it within a short amount of time. 
Notably, inflow will be at its greatest when the acquired 
slice of tissue is perpendicular to the axis of the blood 
vessels. If blood stays in the selected area for several 
pulses, it ultimately becomes saturated and loses its 
signal. Therefore, the vessels that flow parallel to the 
plane of acquisition (in-plane flow) may have no inflow 
ef fect and may not be visualized on MRA2). Therefore, 

a. b.
d.

c. e.

Fig. 1.  Original axial image and MIP post-processing angiographic images.
a. Original axial image
b. MIP basal view
c. MIP frontal view
d. VR basal view
e. VR frontal view

From multiple original axial images, MIP or VR images are reconstructed in dif ferent directions. These images show no abnormal findings.
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the axial slice setting is usually selected to maximize the 
flow signals because the main flow segments in the 
human body occur along the body’s axis. 

Often, a pre-saturation band is placed parallel to the 
acquired slice to remove any signals from vessels flowing 
in the opposite direction. For example, in carotid 
angiography, one may place a saturation band parallel and 
superior to the acquired slice to saturate the jugular 
vein2). 

The TOF angiogram can be acquired as a set of 
stacked two-dimensional (2D) slices, as three-dimensional 
(3D) sections, or as an overlapping stack of 3D segments 
(multi-slab 3D)2).

In sequential 2D TOF MRA, a thin slice is acquired 
perpendicular to the axis of the blood vessel so that the 
blood travels across the narrow width of the slice. This 
yields a cross-sectional image with a dark background 
and bright flow signals. The 2D TOF MRA method is 
relatively sensitive to slow-flowing blood as compared 
with the 3D TOF MRA methods2) and is sometimes used 
in the evaluation of peripheral arterial disease (PAD) 
(Fig 3.). 

The resolutions of the projected images depend on 
slice thickness. In clinical practice, 3-4-mm-thick slices are 
often used because of the limited signal-to-noise ratio in 
the 2D TOF MRA method2). In patients with PAD, MRA 
techniques with longer scanning ranges, for example, 
from abdominal area to the feet, are usually required. 
However, for such a large scanning range, many imaging 
slices are typically needed and thus the scanning 
procedure can be complicated and time-consuming. 

The significant advantage of 3D TOF MRA over 2D 
TOF MRA is its high signal-to-noise ratio, which allows 
for the inclusion of very thin slices of less than 1 mm, 
resulting in projections of  ver y high resolution. 

Unfortunately, the major limitation of 3D TOF MRA is 
that the observed blood flow of the distal portion of the 
slab tends to be low because of the saturation effect2). 
However, this problem can be overcome with multiple 
thin-slab 3D acquisition with a small amount of overlap 
between slabs or multiple overlapping thin-slab 
angiography3) (Fig. 4). Because of the thin slabs used, 
there is little saturation of the blood present. The slabs 
need to overlap because partitions at the edges of a 3D 

Fig. 2.  Brain TOF MRA in patients with internal carotid aneurysms.
a. MIP basal view
b. MIP frontal view
c. MIP oblique view (target MIP)

The two saccular aneurysms of the right internal carotid artery are well delineated.

Fig. 3.  Two-dimensional TOF MRA in patients with peripheral artery 
disease.

a. 2D TOF MRA
b. CTA (with contrast material)

The occlusion of the right superficial femoral artery and left femoro-
femoral bypass graft is well depicted on MRA and CTA. Small collateral 
vessels are depicted better on CTA.

a. c.b.

a. b.
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image acquisition are darker than those in the middle. 

2.2.  Clinical applications of  TOF MRA
As stated before, TOF MRA is the most widely used MRA 

technique; however, specifically in the evaluation of 
intracranial vessels, 3D TOF MRA is usually used (Figs. 1, 2). 

The diagnostic ability of MRA at 3.0 T for the detection 
of intracranial steno-occlusive disease is considered high. 
A blinded study with a relative large population compared 
the accuracy of MRA and conventional angiography in 
the assessment of intracranial vascular stenosis and 
showed that the sensitivity and specificity of the five 
observers for the interpretation of MIP images were 85% 
and 96%, respectively4). In another paper, it was reported 
that interpretations based on source partitions were more 
accurate than interpretations based on MIP images alone 
in the diagnosis of intracranial arterial stenosis. Of note, 
the specificity for high-grade lesions improved because 
several lesions that were not visible on MIP images could 
be measured on individual sections5). A third paper 
showed that there is a strong linear relationship between 
the narrowest lumen diameter of the intracranial internal 
carotid artery and the percentage of stenosis. This study’s 
results suggested that  a single lumen diameter 
measurement on MRA allows for the attainment of 
accurate Warfarin-Aspirin Symptomatic Intracranial 
Disease stenosis measurements, which may af fect risk 
stratification and treatment decisions6). It is also reported 
that TOF MRA has a tendency to overestimate the 
degree of severe stenosis because of the disturbed pattern 
of blood flow within and beyond the stenotic lesion in 
some patients7). Although this overestimation does not 
typically lead to a false-negative evaluation, it should still 

be kept in mind, and the results should be interpreted 
carefully. 

MRA is also considered to have high diagnostic 
accuracy in the detection of intracranial aneurysms8-12) 

(Fig. 2). 3D TOF MRA at 3.0 T is reported to depict 
intracranial aneurysms better than 1.5 T TOF MRA8). In 
another paper, it was repor ted that MRA at 3.0 T, 
specifically VR for 3D TOF MRA at 3.0 T, had an accuracy 
of 97.6%, sensitivity of 99.2%, specificity of 94.4%, positive 
predictive value (PPV) of 97.2%, and negative predictive 
value (NPV) of 98.3% in the detection of intracranial 
aneurysms in patient-based evaluations. Furthermore, the 
aneurysm-based evaluation yielded an accuracy of 98.3%, 
a sensitivity of 99.3%, a specificity of 96.9%, a PPV of 97.8%, 
and a NPV of 99.1%. Thus, the authors concluded that the 
use of VR for 3D TOF MRA at 3.0 T accurately identified 
the presence of intracranial aneurysms. Specifically, the 
high PPV and NPV findings indicated that VR for 3D 
TOF MRA at 3.0 T may replace DSA as a contrast-free, 
noninvasive, and non-radiation-based modality for the 
diagnosis and screening of intracranial aneur ysms9). 
Thus, the most recent guidelines for diagnostic imaging 
published by the Japanese Radiological Society 
recommend that MRA be used in the screening of 
unruptured intracranial aneurisms.

As described above, TOF MRA is mainly used in the 
evaluation of either intracranial vessels (Figs. 1, 2) or 
carotid arteries in the neck region (Fig. 4); however, it is 
often used in the examination of the peripheral arteries as 
well12-14) (Fig. 3). Although the small and tortuous collateral 
vessels are not very well demonstrated, the presence of 
severe stenosis or arterial occlusions can be evaluated 
using TOF MRA.

3.  Phase-contrast (PC) MRA

3.1.  The principles of  PC MRA
The PC MRA technique derives contrast between flowing 
blood and stationar y tissue. specifically by using the 
movement of transverse magnetization to produce image 
contrast15, 16). Changes in the phase (phase angle) of 
transverse magnetization in flowing blood are induced 
within one or more magnetic field gradient. These phase 
shifts, which are directly related to spin position, can be 
reversed by applying a second gradient pulse of equal 
duration but opposite polarity. If the protons have not 
moved during the interval between the first and second 
gradient pulses, then the reversal of the phase shift will 
be exact, canceling the ef fect of the original phase shift 
and resulting in no net phase shift (zero changes in phase 
angle). This bipolar gradient is the called velocity-
encoding gradient (VENC). Adequate VENC setting is 
essential to produce good PC MRA scans. To provide 
quantitative information, the VENC strength is set to the 

b.  multi-slab 3D TOF MRA a.  2D-TOF MRA

Fig. 4.  Neck TOF MRA
a. 2D-TOF MRA
b. Multi-slab 3D TOF MRA

In 2D TOF MRA, the signal intensity decreases in tortuous vessels and 
in-plane flow. Multi-slab 3D TOF MRA shows better delineation.
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highest velocity encountered that will produce a phase 
shift close to but not exceeding ± 180º 3). 

3.2.  Clinical applications of  PC MRA
PC MRA requires longer scanning times than does TOF 
MRA because of the necessity for repeated acquisitions 
with VENC in dif ferent axes. Thus, PC MRA is not 
usually used in clinical settings. Instead, it is mainly used 
in flow measurement: notably, flow direction and velocity 
can easily be evaluated using PC MRA.

4.  Fresh blood imaging (FBI)

4.1.  The principles of  FBI 
Flow-spoiled FBI is another non-contrast MRA method 
that allows for the depiction of arteries by utilizing the 
signal dif ferences between systolic- and diastolic-
triggered data17-19). The performance of FBI using an 
electrocardiogram (ECG)-gated 3D half-Fourier fast spin-
echo (FSE) sequence relies on the presence of a signal 
dif ference between systolic and diastolic triggered 
acquisition. Specifically, this technique relies on the black 
arterial signal, or flow void, that may be present because 
of the spin-dephasing ef fects of fast arterial flow during 
systole. During diastole, arterial flow is slow and is thus 
depicted by a high signal. In contrast, venous blood is 
bright throughout the cardiac cycle because of its 
moderately constant slow flow18) (Figs. 5, 6). Because this 

Fig.5.6

technique relies on the velocity of blood flow, ECG gating 
or peripheral-pulse gating is required for selectively 
acquiring the necessary data during the cardiac phases. 
The contrast of  the image in half -Fourier FSE is 
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a. MIP

Fig. 5.  The images and signal intensities of vessels on FBI. 
a. MIP
b. an image and the signal intensity in diastole 
c. an image and the signal intensity in systole

The MIP images (a) are reconstructed from subtraction images (i.e., subtraction of the systole image from the diastole images). 
In diastole, the signal intensity is high in the arteries and veins (b). However, the signal intensity of arteries is low in systole (c). 

This image is modified from Fig. 2 in reference 18 with permission.

Fig. 6.  Magnetic resonance angiography of the lower extremities (i.e., 
fresh blood imaging). 
In the inverted MIP images, the entire vascular trees of the lower 
extremities are well delineated. (by courtesy of Aomori City Hospital)
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determined by the effective echo time (TEeff); moderate 
to heavily T2-weighted images are obtained by selecting 
short or long TEeff values.

4.2.  Clinical applications of  FBI
Currently, although the FBI method is used in only a few 
facilities, interest in it is spreading. Its clinical applications 
are mostly in the peripheral arteries, including the aorta. 
In patients with PAD, a wide scanning range is required, 
and 2D TOF MRA is not ideal in such a situation. 
However, the use of FBI in PAD patients showed a high 
level of diagnostic performance, including a sensitivity of 
97%, a specificity of 96%, an accuracy of 96%, a PPV of 88%, 
and a NPV of 99%19).

In addition, in cases of arterial occlusion, segments 
distal to the recanalization sites have low signals because 
of low arterial blood pressure (i.e., less pulsatile flow). 
However, they do generate a signal and therefore can be 
clearly distinguished from total occlusion on FBI.

5.  Contrast-enhanced (CE) MRA

5.1.  The principles of  CE MRA
In CE MRA, signal dif ferences are achieved mainly by 
intravenously injecting a contrast agent into the vascular 
system to selectively shorten the T1 of the blood. By 
implementing a 3D T1 weighted imaging sequence 
during the first pass of the contrast agent, significant 
preferent ia l  ar teria l  enhancement  without  the 
confounding ef fects of excessive venous or background 
tissue enhancement can occur20). Therefore, the CE 
technique is considered relatively insensitive to signal 
loss due to turbulence. Additionally, because the 
associated saturation ef fects are minimal, large fields of 
view within the coronal or sagittal planes can be imaged 
to demonstrate large vascular areas over a shor t 
acquisition time. For the evaluation of patients with PAD, 
the moving-bed technique is applied to elucidate entire 
vascular trees21-24). Data on the entire vascular tree of the 
lower extremities are usually acquired within two 
minutes. If it takes longer, the veins and stationary tissues 
might also be enhanced.

In CE MRA, the timing of the scan acquisition is a 
crucial point. If the data are acquired too early (i.e., before 
the arrival of the contrast agent), then the ar terial 
enhancement may not be high enough. Conversely, if the 
data are acquired too late, then the arterial signal will be 
diminished and the veins and stationary tissues will be 
enhanced. To ensure proper timing of the acquisition, the 
use of triggering software or a test bolus technique is 
essential.

5.2.  Clinical applications of  CE MRA 
CE MRA has been frequently applied in the neck or lower 

extremity arteries (Figs. 7, 8) and sometimes in the whole 
body, from brain to feet26). Because CE MRA is insensitive 
to signal loss resulting from saturation ef fects or 
turbulence, tortuous vessels are well-demonstrated on CE 
MRA. Additionally, overestimation of the stenosis on CE 
MRA is considered less prominent than that on TOF 
MRA. 

The injection dose of the contrast material used in 
MRA is lower than the dose used in CT (e.g., iodine-

Fig. 7.  Neck CE MRA
On CE MRA, tortuous segments of arteries are well delineated. The 
right subclavian vein is also delineated because of the contrast material 
remaining within the injection side vein.

Fig. 8.  Table-moving CE MRA of the lower extremities in patients 
with peripheral artery disease (inverted MIP). 
Entire vascular trees of the lower extremities are well depicted on 
CE MRA. The occlusion of the left superficial femoral artery is well 
demonstrated. There is signal loss of the left common femoral artery 
because of metallic stent placement（→）. The signal loss is limited to 
the placement region.
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contrast material) and the overall incidence of adverse 
reactions, such as nausea and vomiting, exanthema, and 
headache are less than 1% 27). The only limitation in using 
gadolinium (Gd)-containing contrast agents had been that 
some patients have an allergy to Gd-containing contrast 
agents. However, since the relationship between the 
administration of a gadolinium (Gd)-containing contrast 
agent and the onset of nephrogenic systemic fibrosis 
(NSF) was first reported in 200628), the administration of a 
contrast material has been considered a risk factor for 
NSF in patients with renal deficiency. Renal deficiency 
has been added as a limitation of using Gd-chelates; thus, 
the indications for CE MRA have been reduced. 
Furthermore, even if the patient’s renal function is good 
enough for the administration of a contrast agent, CTA is 
preferred. Generally, MRA is preferred for evaluating 
stenotic lesions only in cases of severe calcification; 
therefore, CE MRA is only indicated in patients with 
severe calcification, without renal deficiency.

6.  Post-processing Reconstruction Techniques

With any magnetic resonance method, the angiographic 
images were obtained from images acquired by either 
MIP or VR post-processing. Images are usually acquired 
at every 15º to 30º rotation. There is evidence that VR 
more accurately depicts three-dimensional relationships, 
while MIP may not because of the particularities of the 
processing in the MIP algorithm. VR also allows for 
greater definition of the surrounding soft tissues, muscle 
and bone, while these are eliminated on MIP. However, 
MIP may display smaller branch vessels better than VR. 
There is thus room for the use of both projections in the 
evaluation of intracranial aneurysms10). Inverted images 
may be used with MIP (Figs. 6, 8). It is also recommended 
that the physicians examine not only MIP or VR images 
but also original images for a more accurate evaluation of 
the patient5).

7.  Conclusions

MRA is now widely used, and its significant diagnostic 
value has been established. However, MRA should only 
be applied with knowledge of its principles, to maximize 
its applicability. 
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