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Three-dimensional time-of-flight magnetic 
resonance angiography and its limitations
Time-of-flight (TOF) magnetic resonance angiography 
(MRA) is one of the most important methods of non- 
contrast neurovascular MRA. TOF MRA is based on the  
principle of flow-related enhancement. Stationary tissues 
in an imaged volume become magnetically saturated by 
multiple repetitive radiofrequency (RF) pulses that reduce 
their steady-state magnetization levels. Fresh blood flow-
ing into the imaged volume has not experienced these 
pulses and still has a high initial magnetization. The signal 
from the inflowing blood appears bright compared to the 

background tissue. A maximum intensity projection (MIP) 
technique is then used to create an MR angiogram.

The 3D TOF angiography method is based on a 3D  
gradient echo (GRE) sequence. Often, a pre-saturation 
pulse is applied above or below the imaged volume to  
reduce the signals from venous inflow. Flip angles of 
30°−60° are used to maximize the contrast between sta-
tionary tissues and blood. Short TE values (< 7 ms) are  
applied to minimize signal losses from phase dispersion.  
A maximal enhancement of the blood flow is observed 
when the vessel is perpendicular to the plane of imaging 
(in-plane flow is not visible) and has a larger diameter and 
a high flow. Various modifications of the TOF technique 
have been developed to reduce in-plane saturation effects 
and improve visualization of smaller vessels and slow flow. 
These modifications include the use of variable flip angles, 
fat suppression, magnetization transfer saturation pulses, 
and multiple overlapping thin slab acquisition (MOTSA).

The principle of combining infrared  
heat-induced enhancement with a  
3D TOF MRA sequence, either with or 
without compressed sensing
The vascular anatomy of the face is extremely variable.  
Not only is the arterial course very tortuous, but the local-
ization and depth of the facial arteries and their branches 
also varies significantly from person to person and even  
between each side of the face [1–3]. Hence, an ideal plane 
for the optimal inflow for the different facial arteries is  
always a compromise. Moreover, many of the vessels are 
small and have a slow flow. 

Previous studies have described heating the face using 
an infrared (IR) lamp to enlarge the diameter of the vessels 
and accelerate the flow [4–6]. 

Recently, the use of compressed sensing (CS) has  
offered synergistic enhancement for parallel imaging with 

3D TOF MOTSA sequence 1.5T 

TR (repetition time) 30 ms

TE (echo time) 6.8 ms

Number of slices per slab (% slice OS) 40 (20% OS)

FOV 180 × 180 mm2

Flip angle 30 °

Matrix (% phase resolution) 241 × 256 (94%) pixels

Slice thickness (% slice resolution) 0.5 (50%) mm

Averages 2

Acceleration GRAPPA2

Voxel size acquired 0.7 × 0.7 × 1.0 mm3

Voxel size reconstructed 0.35 × 0.35 × 0.5 mm3

Acquisition time 16:14 min

Table 1:  MAGNETOM Aera XQ 
3D TOF MOTSA sequence 1.5T  
Gradient echo sequence with five overlapping slabs (-17.5%).
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sparse sampling and iterative reconstruction. CS speeds up 
data acquisition with sparse data subsampling. Applying  
CS reconstruction to the raw data can achieve enhanced 
image quality. The acceleration makes it possible to sig-
nificantly reduce the acquisition time, which is especially 
important for 1.5T MRA, as it involves quite long acquisi-
tion times. Compressed sensing applications have been 
demonstrated for the brain, where it has proven to be very 
useful in certain exams with lengthy scan times. TOF MRA 
is a lengthy scan technique, for which the application of 
compressed sensing has been demonstrated to almost 
halve scan time while still providing almost equivalent  
diagnostic information [7].

Technology
The patient is positioned with closed eyes in front of  
an infrared (IR) light source (300 W) with an InfraCare 
(Philips, Amsterdam, The Netherlands) screen (which filters 
out the UV light), at a distance of 30 cm and with their face 
parallel to the lamp for 15 minutes. The heat induces vaso-
dilatation and enhances the vascular flow, both of which 
help to improve image acquisition [4–6]. At the same time, 
the patient is also asked to stimulate their facial muscles  
by slowly moving their lips and forehead and switching  
between several facial expressions during the exposure 
time. This is to further enhance the visualization of the  
facial arteries by vascular dilatation and increased flow 

3D TOF MOTSA sequence 1.5T

TR (repetition time) 26.3 ms

TE (echo time) 5.7 ms

Number of slices per slab (% slice OS) 44 (18% OS)

FOV 180 × 180 mm2

Flip angle 20 °

Matrix (% phase resolution) 241 × 256 (94%) pixels

Slice thickness (% slice resolution) 0.5 (50%) mm

Averages 2

Acceleration CS5

Voxel size acquired 0.75 × 0.7 × 0.94 mm3

Voxel size reconstructed 0.47 × 0.47 × 0.47 mm3

Interpolation 1.5

Acquisition time 11:35 min

Table 2:  MAGNETOM Sola Fit XQ with Compressed Sensing 
3D TOF MOTSA sequence 1.5T 
Gradient echo sequence with seven overlapping slabs (-30%).

3D TOF MOTSA sequence 3T

TR (repetition time) 30 ms

TE (echo time) 4.92 ms

Number of slices per slab (% slice OS) 40 (20% OS)

FOV 180 × 180 mm2

Flip angle 30 °

Matrix (% phase resolution) 241 × 256 (94%) pixels

Slice thickness (% slice resolution) 0.5 (50%) mm

Averages 1

Acceleration GRAPPA2

Voxel size acquired 0.8 × 0.8 × 1.0 mm3

Voxel size reconstructed 0.4 × 0.4 × 0.5 mm3

Interpolation 2

Acquisition time 9:21 min

Table 3:  MAGNETOM Vida 
3D TOF MOTSA sequence 3T  
Gradient echo sequence with seven overlapping slabs (-18%).

speed [8]. Immediately following IR exposure, the patient 
is transferred to the MRI unit. 

After acquisition of the scout views, a 3D TOF MOTSA 
MRA sequence is acquired in an oblique coronal plane  
(tilting of 25° backwards in relation to the line between  
the glabella and the chin). The initial MRA protocol for a 
MAGNETOM Aera 1.5T scanner from Siemens Healthcare 
(with Numaris 4, software version syngo MR E11E) is  
summarized in Table 1 and was developed, based on a  
previously published study that discusses the MRA se-
quence in more detail [4]. Table 2 contains the data for a 
MAGNETOM Sola Fit 1.5T scanner from Siemens Healthcare 
(NumX syngo MR A20) with CS, and Table 3 contains the 
data for a MAGNETOM Vida 3T scanner from Siemens 
Healthcare (NumX syngo MR A20). During the examina-
tion, the patient is asked to remain completely still (this  
includes their eyes, lips, chin, and cheeks) with their eyes 
and mouth closed (without pressure on the lips), and their 
face parallel to the examination table. A multislab MOTSA 
technique is used to reduce the saturation effect of the  
signal from the inflowing blood.

Implementation and results
Various previous studies have proven the good results of 
this technique [4–6]. It is also currently in clinical use at 
several 3T MRI centers in Europe.
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In the first series, all 3D TOF MOTSA MRA images were  
acquired on a 1.5T full-body MR system (MAGNETOM Aera, 
Siemens Healthcare, Erlangen, Germany), using a dedicat-
ed 20-channel head coil. Additionally, a flexible wrap-
around 4-channel surface coil was mounted on top of  
the head coil (Fig. 1) [4]. Figure 2 shows a comparison of  
a 3D TOF MOTSA MRA without (A) and with (B) previous  
IR exposure. 

In order to reduce the examination time and obtain a 
stronger signal, further series with 3T MRI were added [6]. 

However, as more than 60% of all MR scanners globally  
are 1.5 Tesla machines, there is a need for an optimal  
1.5T sequence and especially for a reduction in the  
examination time. 

Figure 3 shows the same volunteer examined using a 
1.5T MAGNETOM scanner with and without Compressed 
Sensing (MAGNETOM Aera and MAGNETOM Sola Fit,  
Siemens Healthcare, Erlangen, Germany), and using a 3T 
scanner (MAGNETOM Vida, Siemens Healthcare, Erlangen, 
Germany) in order to compare the individual results. The 
acquisition time was 9 minutes and 21 seconds for the 3T, 

2   MRA findings (MIP of 3D 
TOF MOTSA) without (2A) 
and with (2B) previous IR 
exposure  
The IR exposure results in a 
far better visualization of all 
facial vessels, with a larger 
caliber of the arteries and a 
higher visual signal. 
Superior (SL) and  
inferior labial artery (IL), 
angular artery (Ang),  
lateral nasal artery (LN), 
dorsal nasal artery (DN), 
supratrochlear artery (STr), 
supraorbital artery (SO), 
facial artery (Fa), and  
angular vein (vAng).

2A 2B

1   Position of the head coil and the flex coil for the MRA (1A), and position of the 3D TOF MOTSA slab block on the localizer (1B)  
(1A) Flexible wrap-around 4-channel surface coil can be mounted on top of the head coil to increase signal reception from the facial arteries. 
(1B) The line drawn from the glabella to the chin transects the slab position block from the anterosuperior corner to the inferoposterior 
corner. A magnetic saturation slab is positioned above the slab block.

1A 1B

anterosuperior
corner

inferoposterior
corner
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3   MRA findings (MIP of 3D TOF MOTSA) 
(3A) 1.5T without Compressed Sensing; (3B) 1.5T with Compressed Sensing; (3C) 3T.
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4   MRA findings and data processing cycle in a 26-year-old female 
(4A) Frontal view of an MIP from the 3D TOF MOTSA. 
(4B) Image after isolation of the arteries.  
(4C) Conversion to a 3D volume using the MRI data (rotated MIP over 180° from right to left and native image DICOM data). 
(4D) Visualization using augmented reality (AR) and projection onto the patient’s face with a smartphone camera.

conversion to 3D volumeisolation of the arteriesMRA 3D TOF MOTSA visualisation through AR

4A 4B 4C 4D
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16 minutes and 14 seconds for the 1.5T, and 11 minutes 
and 35 seconds for the 1.5T with CS (two averages).  
This illustrates the acceptability of 1.5T MRI examinations 
compared to 3T, and indicates that they are ready for  
general use.

Afterwards, the native DICOM images and the MIPs are 
processed by an experimental 3D software program which 
isolates the superficial subcutaneous arteries and creates a 
3D volume. Using augmented reality, these patient-specific 
arterial 3D volumes are visualized and projected onto the 
patient’s face (Fig. 4) with a smartphone.

Conclusion
Our experience shows that combining IR heat enhance-
ment and a 3D TOF MRA sequence makes it feasible to  
visualize a large number of facial arteries in a radiation- 
free, contrast-free, and non-invasive way.

This thermally enhanced 3D TOF MRA imaging tech-
nique may provide a solution for acquiring much-needed 
information about the patient’s individual anatomy in order 
to better plan and execute aesthetic and reconstructive 
procedures in the face, such as filler injections [6].

Using CS on a 1.5T MRI scanner significantly reduces 
the examination time to a more acceptable duration, 
meaning that the many 1.5T MRI systems in use worldwide 
could potentially be used for the purpose described above.
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• Phoenix is a unique syngo tool that allows you to 
click on an image, drag it into the measurement 
queue, and instantly duplicate the extracted  
protocol – TR, TE, bandwidth, number of slices,  
echo spacing, etc.

• Phoenix ensures reproducibility,  
e.g., for patient follow-up.

• Phoenix shares optimized protocols on the  
different MAGNETOM systems you work with.

• Phoenix supports multicenter protocol  
standardization. 

You’ll find DICOM images from various systems  
and all aspects of MRI at  
https://www.magnetomworld.siemens-healthineers. 
com/clinical-corner/protocols/dicom-images

The DICOM files of the figures in this article  
are available for download at
https://www.magnetomworld.siemens-healthineers.
com/clinical-corner/protocols/dicom-images/ 
3d-tof-motsa-mr
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