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INTRODUCTION: The reconstruction of sensitivity–encoded non–Cartesian undersampled MRI has been facilitated by the use of iterative techniques [1]. 
However, the ill-conditioning of the associated inverse problem produces residual aliasing and noise amplification. A proven approach to stabilize the 
reconstruction and to diminish these effects is the use of explicit regularization methods [2-3], by including prior information. In dynamic images, especially 
in Dynamic Contrast-Enhanced MRI (DCE-MRI), the use of an inappropriate regularization image can highly affect the ability to remove artifacts and the 
temporal resolution of the reconstruction [4]. To overcome this problem, we propose a new dynamic undersampled acquisition scheme, which combines a 3D 
Radial Phase Encoding (RPE) trajectory [5] with the golden angle profile order [6], allowing regularized reconstruction of dynamic images with different 
temporal and spatial resolutions. This approach takes advantage of the flexibility and properties of the trajectory to provide explicit regularization information. 
A compound image, reconstructed from many profiles, is used to regularize the dynamic reconstruction from a few profiles. This compound image is used to 
stabilize the iterative reconstruction rather than used as a direct constraint, like in the non-iterative back-projection approach (HYPR, [7]). Moreover, since the 
acquisition is based in the golden angle profile order, an adaptive regularization can be obtained for different dynamic phases. 
 

This abstract describes the acquisition and reconstruction schemes of the proposed method, and the 
results of its application using a 32-channel coil with iterative SENSE [1]. Simulations were used to 
quantitatively compare the regularized and non-regularized approaches. The method was also tested 
in phantoms and in DCE thoracic vessel angiography in patients. The obtained data was reconstructed 
retrospectively with temporal resolutions of 11s and 4.3s (undersampling factors Q of 19 and 49 
respectively), and a temporal resolution of 2.7s was used to estimate the bolus arrival. 
 

METHODS: a) Acquisition scheme: A modification of the 3D RPE trajectory [5] for dynamic 
applications was implemented on a 3T Philips Achieve scanner. The acquisition combined Cartesian 
sampling in the readout direction with an undersampled radial scheme in the phase encoding plane. 
The angular step between two radial profiles was given by the golden angle of θGR=111.246° 
(Fig.1a). An interleaved undersampling was used in the radial direction for every profile (Fig.1b) to 
ensure good point spread function properties (FOV and aliasing incoherence) for the dynamic and 
regularization images. 
 

b) Reconstruction scheme: Non-Cartesian SENSE reconstruction, including regularization, is given 
by (EH

Ψ
-1E + αR-1) x = EH Ψ-1m, where E denotes the Fourier and sensitivity encoding matrix, Ψ  is 

the sample noise matrix, αR is the explicit regularization, m is the acquired data and x is the 
reconstructed image. For dynamic images, every frame is reconstructed separately, however an 
adaptive regularization αR(t) can be employed to reconstruct the image at time t. This regularization 
image, R or R(t), was obtained by the non-regularized reconstruction of several profiles (referred as compound k-space in Fig.1c) in a sliding fashion 
 

Simulations: The accuracy of the proposed method was tested in simulations using a numerical phantom (2563 matrix, 20 frames). Q = 4 in the radial 
direction, and 34 profiles in the angular direction (total Q = 30) were used to compare the regularized, adaptive regularized and non-regularized approaches.  
 

In vivo studies: Three patients were scanned using the proposed method and a 32-channel coil (T1-TFE, FOV=384mm3, resolution=1.5mm3, TR/TE/flip 
angle=3.2/1.6ms/15°, 0.2ml/kg Gd-DTPA at 4ml/s). Two regularization images (88 profiles, 64 samples per profile) were reconstructed by iterative SENSE 
without regularization. These were used as explicit regularization for the iterative SENSE reconstruction of 6 dynamic frames (each reconstructed with 64 
samples per profile): a) Two high temporal resolution, for bolus arrival (Q = 79, 2.7s), b) Two medium temporal resolution (Q = 49, 4.3s) and c) Two high 
spatial resolution (Q = 19, 11s). Coil sensitivities were estimated from a reference scan. 
 

RESULTS: a) Simulations: Fully sampled, non-regularized (α = 0) and adaptive regularized reconstructions for Q=30 are shown in Fig.2a (frame 18). RMS 
errors for regularized, adaptive regularized and non-regularized reconstructions (Q = 30) in comparison with the fully-sampled image are shown in Fig.2b.  
 

b) In vivo studies: Comparison between explicit 
regularized and non-regularized reconstructions 
(Q= 49) is shown in Fig.3a-b for a specific plane, 
showing artifact and noise reductions in the 
adaptive regularized case. A maximum intensity 
projection (MIP) for the adaptive regularized 
reconstruction with undersampling factor of 19 is 
shown in Fig.3c.  
 

CONCLUSION: We have proposed a method to 
regularize 3D dynamic iterative reconstructions. 
Moreover, since this method is based on the golden 
angle profile order, an adaptive regularization can 
be obtained for different dynamic frames. This 
property, in conjunction with the possibility to 
retrospectively reconstruct several temporal 
resolutions, make this approach especially suitable 
for DCE-MRI. The method was tested in phantoms 
and patients, showing good image quality.  
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Fig1: a) Golden angle RPE trajectory b) Interleaved radial 
scheme c) Dynamic acquisition diagram and compound k-
space for adaptive explicit regularization. 

Fig3: Q=49 reconstructions (t=3): a) Regularized b) Non-
regularized. c) MIP Q=19, regularized reconstruction (t=5). 

Fig2: a) Fully sampled, non-regularized and 
regularized Q = 30 reconstructions (frame 19) 
b) RMS error through time for each Q = 30 
reconstruction. 
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