
Figure 1. TC CS reconstruction of 3 representative time frames (3.6 s intervals).

Figure 2. (a) Filling of the aneurysms; (b) Temporal waveforms in one of the aneurysms (dashed line)
and its feeding artery (solid line) measure at the locations marked by arrows. 

Figure 3. Single arterial time frame reconstructed with (a) SENSE; (b) temporally constrained CS; 
(c) comparison of temporal waveforms in a small artery (red) and neighboring vein (blue). 
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Introduction.  Time-resolved contrast-enhanced MR angiography has shown utility in demonstrating intracranial arterial and venous pathology [1]. 
However, the need for high spatial resolution and signal-to-noise ratio (SNR) often limit the temporal resolution to the levels inadequate for depiction of 
vessel filling dynamics in intracranial MRA.  In the recent years, a number of constrained reconstruction methods that exploit inherent redundancies in 
the temporal image series [2-5] have been proposed with the aim to increase achievable acceleration factors by improving SNR and artifact level of 
images obtained from incomplete k-space data. In particular, temporally constrained compressed sensing (TC CS) was shown to allow acceleration 
factors up to 13 in 2D phase contrast imaging [5]. The goal of this work is a systematic study of the performance of TC CS reconstruction for applications 
in time-resolved contrast-enhanced neuro-angiography.  
Theory and Methods.  TC CS is applied by solving the following 
optimization problem: ݂ ൌ argmin௙൫ԡ݂ܧ െ ܾԡଶଶ ൅  is ܧ ,ԡ∆௧ଶ݂ԡ௟భ/௟మ൯, where ݂ is the underlying signal vector comprising all time framesߣ
encoding matrix for all time frames, consisting of both Fourier terms 
and coil sensitivities, ܾ is the measured k-space data, ߣ is 
regularization parameter providing balance between the data fidelity 
and penalty terms. We chose to penalize the discrete 2nd derivative ∆௧ଶ in the time dimension based on the fact that for each pixel 
temporal progression should be either smoothly varying with the 
contrast uptake (2nd derivative is small) or constant in the stationary 
tissue (2nd derivative is zero). Therefore, ∆௧ଶ operator should sparsify 
the image volume in x-t space. The hybrid ݈ଵ/݈ଶ norm [6] was chosen for its ability both to promote sparsity and to optimize noise properties.  
As a part of an ongoing large study, the algorithm was applied to image reconstruction of highly undersampled data from human subjects, including 
three patients with intracranial aneurysms.  Following informed consent according to the IRB at our institution, all human subjects were scanned on a 3.0 
T clinical scanner (Discovery TM MR750, 
GE Healthcare, Waukesha, WI) using a 
hybrid radial (in-plane)/Cartesian (through-
plane) acquisition during a contrast 
injection.  The scan parameters were 
TE/TR=1.5/4 ms, FA=25o, BW=125 kHz, 
20 slices, voxel size 0.86x0.86x2 mm3.  All 
exams but one used an 8-channel head 
coil, while one volunteer scan was 
performed using a 32-channel coil to test 
its utility in the study.  The data were then 
reconstructed using both iterative SENSE 
[7] and TC CS as described above from 15 
radial projections per slice per 1.2 s time frame (acceleration factor R=27). 
Results. Images in Fig. 1 depict three frames with different filling stages of an aneurysm patient exam reconstructed with TC CS, while images in Fig. 
2a zoom in on the aneurysms demonstrating temporal progression of contrast uptake and wash out. Plots in Fig. 2b correspond to temporal waveforms 
in one of the aneurysms and its feeding artery. 
Note that our temporal resolution is sufficient to 
demonstrate that filling of the aneurysm is 
significantly delayed compared to the artery. 
Images in Fig. 3a-b compare a single frame 
reconstruction results in a healthy volunteer using 
iterative SENSE and TC CS from data acquired 
with a 32-channel coil. Note the high spatial 
resolution and g-factor supression in the TC CS 
image. Excellent arterial/venous separation even 
in small vessels is confirmed by contrast uptake 
plots in Fig. 3c.  In the SENSE reconstruction 
(dashed lines), the chosen small vein is 
indiscernible behind the noise, thus, its waveform 
does not provide temporal information. However, arterial waveform from the SENSE reconstruction confirms correct representation of temporal behavior 
by TC CS (solid lines), which provides a clear depiction of even small vessels. Such comparison was not possible in the 8-channel coil acquisition due to 
inferior image quality of SENSE reconstruction (results not shown here). 
Discussion and Conclusions.  TC CS method was shown to be an attractive reconstruction approach that enables 3D time-resolved contrast-
enhanced intracranial angiography at high spatial (0.86 x 0.86 x 2 mm3) and temporal (1.2 s) resolution for improved diagnostic quality.  The obtained 
resolution was shown to be sufficient to resolve different filling patterns of healthy and pathological vasculature.  As part of an ongoing clinical study, we 
will apply TC CS to exams of patients with arterial stenoses and arterio-venous malformations, where temporal information is important for diagnosis and 
selection of treatment options.  The use of a 32-channel coil in the future exams is expected to allow for a further increase in resolution at the expence of 
higher computational burden. 
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