
 
Fig 2: Filter frequency response 
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Introduction. Most three-directional phase-contrast sequences encode flow with a scheme called “4-point balanced”, first proposed by Pelc et al in 
(1). This encoding scheme uses 4 steps to simultaneously encode flow from all three spatial directions. Single components of the velocity vector are 
then retrieved through linear combinations of the four scans. In cardiac-gated acquisitions the 4 steps are usually acquired in an interleaved manner 
during a single cardiac phase, thus limiting the temporal resolution to 4*TR. In this work we show that this approach is equivalent to a low-pass 
filtering of the velocity waveform, followed by a 4x downsampling. To compensate for this effect, we propose a novel method of reconstructing the 
phase contrast images based on view sharing along the velocity direction. The proposed technique reduces the effect of downsampling and provides a 
more accurate reconstruction of the signal 
 
Theory. In a phase-contrast acquisition the phase component of the MR signal is proportional to the 
velocity of the moving isochromat and to the first moment of the applied gradients. In order to 
compensate for static phase errors, a reference scan or a “two-sided” acquisition scheme, where 
encoding is performed using bipolar gradients with opposite first moments, is used (2). In the case of 
three-directional acquisitions the optimal encoding scheme consists of 4 steps, sensitive to motion in 
all directions, with changing polarities so that the three components are linearly separable from the 
four scans. At the end of the acquisition, every component of the velocity vector is encoded twice with 
positive polarity, and twice with negative polarity. After multiplication by appropriate coefficients, 
single components are retrieved by a simple sum of the four images obtained. From a signal processing 
point of view this sum corresponds to a simple 4-tap finite impulse response (FIR) low-pass filtering of 
each component, with all the filter coefficients set to 1/4. A single image is retrieved from the sum of 
four encoding steps, and this corresponds to a downsampling of the signal by a factor of four. A 
schematic representation of the acquisition method is shown in fig. 1a. The frequency response of the 
filter is shown in fig. 2. Attenuation is -3.7dB at 0.25 normalized frequency, and -11.3dB in the stop-
band. The downsampling cuts the available band at 0.25 normalized frequency, therefore the signal 
components at higher frequencies will cause aliasing noise in the resulting waveform. 
In order to avoid the downsampling, we propose a “sliding window” approach to velocity waveform 
reconstruction: the first sample is obtained from the four encoding steps from the first cardiac phase, 
then the second, third and fourth steps from the first phase and the first step from the second phase are 
used to produce the second sample, and so on (fig. 1b). This is equivalent to filtering the signal with 
the aforementioned filter, while maintaining same sampling rate. 
 
Materials and methods. A pulse-gated phase-contrast scan of an axial slice of the neck was acquired in a healthy volunteer on a whole-body 3T 
scanner (Magnetom Verio, Siemens, Erlangen) with a 12-channel head coil and dedicated neck coil. A through-plane 2D SPGR sequence was used 
(venc: 100cm/s, matrix size 256x216x1, resolution 0.94x0.94x5 mm3, TR/TE 9.0/5.5 ms, temporal resolution 18 ms). A slower three-directional 
acquisition was acquired with a custom sequence implementing the 4-point balanced encoding scheme (same slice and scanning parameters, temporal 
resolution 72ms). Reconstruction was performed with a “standard” and with the “time shared” algorithms. A ROI was placed on the left internal 
carotid artery (fig. 3), and time course of the pixel intensity of the phase images across the different datasets (high temporal resolution, standard and 
time shared reconstruction) was compared  
 
Results and discussion. The downsampling caused the missing of the sharper velocity peak in the waveform, which was more accurately followed 
by the view-shared reconstruction, as shown in figure 4. In principle, some information could be retrieved by interpolating the downsampled signal, 
but the aliasing noise added by the inefficient low-pass filtering would still be present. Avoiding the downsampling is an operation that comes at no 
additional cost after acquiring the phase contrast images, since it can be achieved by the proposed simple reconstruction algorithm. If the attenuation 
of the higher-frequency components of the signal is not acceptable, a correction through inverse filtering could be applied, at the cost of possible 
amplification of noise. 
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Fig 1: Encoding schemes. “+” and “-” refer to 
the polarity of the velocity encoding. 

 

Fig 4: Flow waveform. Black: high-temporal-resolution acquisition; 
dashed-blue: reconstruction with view-sharing; red: standard 

reconstruction. 

 

Fig 3: Phase contrast image. Carotid artery 
is highlighted in green. 
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