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Background
Cerebrovascular disease is a leading cause of morbidity  
and mortality worldwide and can arise from several  
intracranial vessel pathologies [1]. Time-of-flight MR  
angiography (TOF MRA) is a widely used technique for  
producing angiographic images. It is non-invasive, free 
from radiation exposure, and does not require contrast  
media [2]. Digital subtraction angiography (DSA) is  
the reference standard for evaluating cerebrovascular  
pathology, thanks to its high spatial and temporal resolu-
tions. However, it is invasive, involves radiation exposure, 
and can cause possible adverse reactions to iodinated  
contrast material. 

TOF MRA has therefore gained wide clinical acceptance 
as the preferred method of visualizing the cerebral vascula-
ture. Several studies using DSA as reference showed  
that TOF MRA has high sensitivity and specificity for the  
detection of cerebrovascular pathologies, including cere-
bral aneurysms, arterio-venous shunts, and steno-occlusive 
disease [3, 4]. TOF MRA is also – especially when combined 
with other sequences – a reliable alterative to DSA in the 
follow-up of patients treated for cerebral aneurysm with 
either surgical or endovascular techniques, and those with 
arteriovenous malformations and fistulas [5–8]. 

However, TOF MRA is a time-consuming technique that  
reduces patient throughput and is susceptible to motion 
artifacts. This limits its applicability for uncooperative  

patients. Parallel imaging (PI) is commonly used to reduce 
TOF MRA scan times, but acceleration factors rarely exceed 
2 or 3, as further reduction of phase-encoding steps will 
rapidly increase noise and aliasing, resulting in typical scan 
times no shorter than 5 or 6 minutes [9]. 

Compressed sensing (CS) is a mathematical framework 
that reconstructs missing data from highly undersampled 
measurements. CS has been applied to MRI to achieve 
higher acceleration factors by incoherent k-space under-
sampling, through exploitation of the underlying sparsity 
in the appropriate transform domain [10–12]. TOF MRA is 
a good candidate for CS-based acceleration, as angiograph-
ic images feature sparse vessels with high signal over a 
well-suppressed background [13]. Recent studies have 
shown that CS TOF MRA1 has comparable sensitivity and 
specificity to PI TOF MRA in the detection of various cere-
brovascular pathologies, including aneurysms, stenosis, 
and arteriovenous shunts, while allowing a 2-to-3-fold  
reduction in scan time [14–18]. 

Here we show a comparison of PI and CS TOF MRA  
in the evaluation of patients with intracranial aneurisms, 
carotid artery stenosis, and arteriovenous malformation.

1 The product is still under development and not commercially available yet. Its 
future availability cannot be ensured.
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Case 1
A 65-year-old female presenting with severe, sudden  
headache: Neuroimaging revealed a 9 mm unruptured  
aneurysm of the supraclinoid segment of the right internal 
carotid artery, which was treated with coil embolization. 
The day after the procedure, the patient underwent MRI 
that included MRA with both PI TOF (acquisition time:  

7.5 minutes) and CS TOF sequences (acquisition time:  
2.5 minutes). PI TOF MRA shows blurring at the interface 
between the coils and the parent vessel, which hinders  
the evaluation of coil protrusion. CS TOF MRA allowed 
clearer visualization of the parent vessel lumen, making  
it possible to identify a small neck remnant.

1   (1A) DSA with anterior-posterior view of the right internal carotid after aneurism embolization. Coronal (1B, C), oblique coronal (1D, E),  
and oblique sagittal (1F, G) MIP images from PI TOF MRA (1B, D, F) and CS TOF MRA (1C, E, G). CS TOF MRA shows a clearer interface 
between the coils and the parent vessel, allowing the identification of a small neck remnant (orange arrows). 
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Case 2
A 42-year-old female with multiple intracranial aneurysms 
detected at neuroimaging screening for a family history of 
aneurysmal subarachnoid hemorrhage: A 4 mm aneurysm 
of the anterior communicating artery was treated with  
coil embolization, and two small wide-neck aneurysms of 
the supraclinoid segment of the left internal carotid artery 
were managed with flow-diverter placement. Follow-up 
imaging three years after the procedure revealed neointi-
mal hyperplasia at the site of stent placement with marked 

reduction of the vessel lumen. PI TOF MRA (acquisition 
time: 7.5 minutes) failed to clearly visualize the A1  
segment of the left anterior cerebral artery, which might  
be due to turbulent flow caused by residual anterograde 
flow from the stenotic internal carotid artery and by  
retrograde flow from the anterior communicating artery. 
CS TOF MRA (acquisition time: 2.5 minutes) showed  
normal patency of the left A1 segment, which was  
confirmed by contrast-enhanced 4D MRA.

2   Axial (2A, C, E) and coronal (2B, D, F) MIP images from PI TOF MRA (2A, B), CS TOF MRA (2C, D), and arterial phase of contrast-enhanced  
4D MRA (2E, F). CS TOF MRA shows normal patency of the left A1 segment, as detected by contrast-enhanced 4D MRA.
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Case 3
A 71-year-old male presenting after spontaneous  
regression of right-sided motor impairment and aphasia: 
Neuroimaging revealed stenosis of the proximal and  
distal portion of the cavernous segment of the left internal 
carotid artery. Both PI and CS TOF MRA showed adequate 

characterization of the stenosis when compared to  
angiographic images, but the latter showed higher signal 
homogeneity in the post-stenotic portion of the vessel, as 
well as sharper borders at the level of distal stenosis. 

3   DSA with anterior-posterior (3A) and lateral (3B) views of the left internal carotid artery showing stenosis of the proximal 
and distal portion of the cavernous segment. Coronal (3C, E) and sagittal (3D, F) MIP images from PI TOF MRA (3C, D)  
and CS TOF MRA (3E, F) showing comparable characterization of the stenosis, although CS TOF MRA depicted higher 
signal homogeneity. 
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Case 4
A 38-year-old male presenting with simple partial seizure: 
Neuroimaging revealed a right parietal arteriovenous  
malformation with feeding pedicles originating from the 
right middle cerebral artery. The patient underwent partial 
embolization prior to radiosurgery. Post-embolization CS 
TOF MRA exhibited more homogeneous signal of afferent 

vessels as well as higher signal at the level of the residual 
nidus compared to PI TOF MRA. The time advantage of CS 
acceleration was particularly relevant in this case, given 
the need to image a larger volume that would include the 
entire intracranial vasculature; scan time was reduced  
from 9.5 to 4 minutes.

4   DSA with anterior-posterior (4A, B) and lateral (4C, D) views of the right internal carotid artery in arterial (4A, C) and capillary (4B, D) phases 
after partial embolization of the arterio-venous malformation. Coronal (4E, F) and sagittal (4G, H) MIP images from PI TOF MRA (4E, G) and  
CS TOF MRA (4F, H). 
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Case 5
A 65-year-old male with incidental finding of a small  
anterior communicating artery aneurysm, which was  
not treated due to the low risk of rupture: At follow-up  
imaging, PI TOF MRA (acquisition time: 7.5 minutes) 
showed an irregular morphology of the aneurysm, which 

was not appreciated on CS TOF images (acquisition time: 
2.5 minutes). The patient underwent further evaluation 
with VasoCT during DSA, which confirmed the regular 
shape of the aneurysm dome depicted by CS TOF MRA. 

5   Axial oblique MIP images from VasoCT (5A), PI TOF MRA (5B), and CS TOF MRA (5C). CS TOF MRA shows a regular shape of the aneurysm 
dome, which is confirmed by VasoCT.
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Technique
Imaging was performed on a 3T MR scanner (MAGNETOM 
Skyra, Siemens Healthcare, Erlangen, Germany) with a 
64-channel head/neck coil. Parameters for the CS TOF MRA 
sequence were TR 21 ms, TE 3.49 ms, and a flip angle of 
18°. In total, 4 slabs were acquired with 60 slices per slab 
and 20% slice oversampling, with a reconstructed voxel 
size of 0.4 x 0.4 x 0.4 mm3 and FOV of 22 cm. Parameters 
for the PI TOF MRA sequence were TR 23 ms, TE 3.98 ms 
and a flip angle of 18°. In total, 4 slabs were acquired  
with 36 slices per slab and 22% slice oversampling, with  
a reconstructed voxel size of 0.4 x 0.4 x 0.7 mm3.

Due to the computationally intensive nature of CS  
acceleration, we found it useful to acquire CS TOF MRA  
as one of the first sequences to allow reconstruction time 
before the end of the examination. It is still possible to  
continue to acquire other sequences during reconstruction.

Conclusions
CS TOF MRA scans with submillimeter resolution can be  
accelerated by a factor of ten, enabling scan times of only 
two minutes while maintaining diagnostic image quality. 
Short scan times reduce the risk of motion artifacts, allow-
ing examination of uncooperative patients, and increase 
patient comfort, which is particularly relevant for those 
needing frequent follow-up scans.

After an initial stage when both PI and CS TOF MRA  
sequences were acquired to assess diagnostic accuracy  
and gain confidence with this new technique, we began 
routinely using CS TOF MRA to evaluate different cerebro-
vascular pathologies. As well as the advantage of short  
acquisition times, we also observed an increase in signal 
homogeneity in intracranial vessels with turbulent flow, 
and a reduction in device-related artifacts.
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