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INTRODUCTION
●Perfusion phantoms that simulate elements of the vascular system of have been used to provide 
a controlled environment for optimisation of ASL sequences.

●Flow phantoms have been used to measure the inversion efficiency in continuous ASL (CASL)4,7 
and micro-vasculature phantoms that mimic the capillary bed for perfusion measurements1,3,5.

●Presented is a perfusion phantom which models the entire feeding vasculature of a human head: 
the carotid arteries, smaller branching arteries and the capillary bed.

●Two distinct vascular territories are present, allowing the phantom to be used in vessel selective 
labelling sequences, and both bulk blood flow and perfusion can be measured.

●This work was motivated by the need for a controlled environment in which to develop and test 
vessel selective ASL methods using a separate labelling coil system.
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DESIGN AND CONSTRUCTION
●The phantom was designed using computer aided design (CAD) software (Autodesk Inventor 
2011) as two solid sections (see figure 1), which were manufactured by selective laser sintering 
(SLS) of nylon, a rapid prototyping technique.

●All dimensions were based on MR angiogram measurements made of the neck arteries of a 24 
year old male volunteer.

●Once the perfusion chambers were filled with glass beads the lid was fixed with nylon screws and 
epoxy resin was used to seal and watertight the entire phantom.

●The phantom was placed within a close fitting watertight plastic container, filled with copper 
sulphate doped distilled water. Connecting 6.25mm ID plastic tubing was used for the inflow and 
return pipes.

●A coiled section of tubing was placed close to the phantom to allow the magnetsation of inflowing 
water to reach equilibrium, also enabling the inversion of a large volume of water pulsed ASL 
studies, see figure 2.

●Pulsatile flow was provided by a peristaltic pump (502S, Watson Marlow, Cornwall, UK), delivering 
a maximum flow rate of 600ml/min. To increase the flow rate a section of 13mm silicon hose was 
used within the pump.
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MRI MEASUREMENTS
All images were acquired on a 3T Siemens Tim Trio (Erlangen, Germany) using a 32 channel head 
coil array for reception and body coil for transmission. All image processing was performed in 
Matlab (The Mathworks Inc.).
 
●A 3D time of flight (TOF) angiogram was acquired of the entire phantom: FOV=180x180x206mm, 
image matrix 384×268×206, TE=3.69ms, TR=20ms, α=20°.

●A single slice, gated phase contrast (PC) angiogram was acquired of the inflow and return pipes.  
Gating was achieved using a pulse oximiter, placed around the tubing close to the pump. This 
resulted in a reliable and repeatable measurement of the pulse rate. Imaging parameters were: 
FOV=180×180mm, image matrix 256×256, 20mm slice thickness, 3 averages, V

enc
=130cm/s in the 

through plane, A->P and R->L directions, TE=7.12ms, TR=132.9ms, resulting in a time series of 11 
images for each direction.  Masks were created of each pipe by thresholding to remove the static 
background: for each mask the velocity of the voxel at the centre of mass and the mean velocity of 
all the voxels was computed.

●Perfusion images were obtained from a FAIR2 PASL sequence and separate labelling coil CASL4 
sequence, both with a 3D-GRASE6 acquisition and background suppression. CASL labelling was 
provided by two circular surface coils positioned on either side of the phantom, interfaced to a low 
power two channel in-house built transmitter system. Imaging parameters for both sequences were 
TE=14.9ms, TR=4350ms, FOV=240×145×60mm, 64×36×12 image matrix, 30 averages, 6/8 
partial fourier and 2× GRAPPA accelerated. CASL: Labelling gradient strength 3.5mT/m, labelling 
duration 3500ms, post labelling delay 500ms. PASL: TI 2500ms. Difference images were enlarged 
for print by a factor of three using a lanczos filter.

FIGURE 4: TOF ANGIO 
RESULTS

FIGURE 5: PASL AND 
CASL RESULTS

B.

A.

B.

A.

RESULTS
●Figure 3.a is phase contrast angiogram in the through plane direction at the peak of the cardiac cycle. 
Figure 3.b and c are plots of the velocity at the center of mass and mean velocity of the inflow pipes and 
return pipe respectively. Pulsatile flow can clearly be seen in both plots. The mean velocity over the pump 
cycle was found to be 10.2cm/s in the left inflow pipe, 10.5cm/s in the right inflow pipe and -34.6cm/s in 
the return pipe.

●Figure 4.a shows transverse slices of the 3D TOF angiogram, and figure 4.b shows a coronal slice 
through the centre of the acquired volume.  Flow within the perfusion is concentrated in the central tubes, 
due to the reduced flow resistance from aspects of the phantom's geometry.

●Figure 5 shows transverse slices acquired during the PASL (a) and CASL (b) sequences. Both datasets 
have high SNR.  Uneven labelling is seen in the CASL images due to sub-optimal labelling parameters, 
resulting in a reduction in labelling efficiency over some of the pulsed flow cycle. Perfusion is measured 
to be highest at the centre of each perfusion chamber, correlating with the maximal flow seen in the TOF 
angiogram.
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DISCUSSION AND CONCLUSION
The perfusion phantom presented exhibits desirable qualities for developing both labelling and acquisition 
methods for ASL. It has a high perfusion rate yielding high SNR, permits the inversion efficiency to be 
measured, and has distinct perfusion territories with spatially varying perfusion rates, facilitating the 
testing and development of vessel selective sequences.
By using CAD software and rapid prototyping, phantoms can be made inexpensively (under £200). The 
design is parameter driven and so dimensions easily be adapted to a specific anatomy, or even different 
species for pre-clinical work. It is also a cost effective way to produce multiple identical phantoms, for 
instance the phantom could be issued for quality assurance tests in multi-centre ASL studies.
Further work would be to improve the design to provide a more uniform flow distribution within the 
perfusion chambers, and to introduce a means by which specific tubes can be occluded.
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