
 
 

Fig. 2: Setup of in-vitro model system using blood mimicking fluid, a 
pneumatically driven VAD pump and ECG- triggering via LabView. 

 
Fig. 3: Comparison of flow per ECG cycle for the patient and the in-vitro 
model in 4 selected slices. 

Fig. 4: 3D Streamlines during peak systole and late 
diastole in the patient and the in-vitro model.  

slice 1 slice 2 slice 3 slice 4 slice 5 slice 6 slice 7 slice 8
flow [ml/cycle] 74 (36) 70 (34) 60 (35) 55 (37) 51 (38) 46 (40) 48 (35) 49 (35)
peak flow [ml/s] 374 (241) 368 (255) 306 (260) 267 (267) 241 (281) 206 (288) 236 (246) 226 (258)
helicity [%] 56 (63) 64 (62) 67 (63) 71 (60) 60 (54) 55 (46) 53 (43) 35 (27)
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Introduction: Flow sensitive MRI offers the ability to assess anatomy as well as flow 
characteristics in healthy and pathological blood vessels [1-3] and is therefore an 
attractive tool for the diagnosis of vascular diseases. However, in-vivo studies do not 
allow the prediction of hemodynamic changes due to vascular modifications. Realistic 
vascular in-vitro phantoms in combination with MRI flow measurements allow to 
model different vascular deformations and evaluate their effect on blood flow 
dynamics. Recently, the feasibility of rapid prototyping (RP) models combined with 
patients specific in-flow conditions has been reported for the creation of realistic in-
vitro 3D flow conditions [4]. In this study in-vivo 3D flow characteristics in a patient 
with an ascending aortic aneurysm are compared to flow measured in a realistic in-vitro 
vessel model developed from the patient's aortic anatomy. To generate realistic in-flow 
conditions in the in-vitro model, a novel setup for proving a pulsatile flow circuit was 
used. A MR-compatible pneumatically driven ventricular assistant device (VAD) was 
attached as an 'artificial heart' to the in-vitro model. The VAD pump-system, clinically 
used for the cardiovascular support of heart failure patients, consist of a ventricular 
pump chamber including valve regulated out-flow and permits the generation of 
pulsatile flow comparable to real in-vivo conditions.  
 

Material and Methods: Rapid prototyping (RP) (Polyjet Eden 330, Objet Geometries 
Ltd., Israel) was used to transform the MR angiography data of a patient's thoracic aorta 
with an ascending aortic aneurysm into a realistic in-vitro model (Fig. 1) [5]. Figure 2 
illustrates the setup of the MR-compatible flow cycle in the MR-scanner with the VAD 
(chamber size: 80ccm, MEDOS Medizintechnik AG, Germany) attached to the 
ascending aorta of the RP model. The pump and control unit outside the MR room was 
connected by long tubes (~ 8m) to the VAD to transfer periodic pressure waveforms to 
the flow circuit (Psys: 300mmHg, Pdias: -99mmHg). All experiments were performed on 
a 3T MR system (TRIO, Siemens, Germany) using a time resolved phase contrast MRI 
pulse sequence with three-directional velocity encoding [6]. For gating the flow 
sensitive 4D MRI measurements and the pulsatile cycle of the VAD, an external trigger 
signal was provided (LabView®, National Instruments, USA). Imaging parameters for 
patient (in-vitro model) were: velocity sensitivity: 150cm/s (100cm/s), temp. res.: 
48.8ms (41.6ms), time frames: 11 (23), spat. res.: 2.9×1.7×3.5mm3 (2.3×2.3×2.0mm3), 
FOV: 320×293mm2 (300×300mm2), slices: 24 (56), flip angle: 15° (15°), TE: 3.7ms 
(2.7ms). The frequency of the VAD unit for in-vitro measurements was set to 60; the 
heart rate of the patient was approx. 120. 3D visualization (EnSight, CEI, NC, USA) 
was used to compare in-vivo and in-vitro 3D flow characteristics. A home built tool 
(Matlab, The Mathworks, USA) was used for lumen contour segmentation and flow 
velocity quantification [7] in 8 slices distributed along the aorta (Fig. 3).  
 

Results: The transformation of the patient’s aorta into a realistic in-vitro vessel model using RP was 
performed successfully. Figure 3 represents time resolved flow curves in 4 slices distributed along the aorta for 
the patient and the in-vitro model. Due to different heart rates and temporal resolution the flow curves for the 
in-vitro model was normalized for comparison. The VAD generated a similar in-flow waveform (slice 1) but 
could not reproduce maximum and total flow compared to the in-vivo situation. Note that the patient's 
waveform show decreased peak systolic flow along the aorta which is much less pronounced for the model, 
most likely related to its stiff walls and reduced compliance. This is also reflected by the results in Table 1 for 
flow and peak flow. 3D streamline visualization was used to characterize flow patterns within the aneurysm for 
the patient and the in-vitro model as shown in figure 4. During peak systole helicity was more distinct in the 
patient’s aneurysm than in the in-vitro model. However, during late diastole both show similar helicity. Table 1 
lists a quantification of mean helicity (Vinplane / Vabs %) over all time frames. 

 
 

 
 
 

 

Discussion: The results of this feasibility study proved that experimental simulation and analysis of 3D flow 
parameters in pathological in-vitro models have the potential to evaluate functional consequences of vessel 
modifications. However, a more optimal adaption of in flow conditions is needed for the investigation and 
evaluation of vessel diseases. The delayed development of helicity might be due to the different angle at which 
the VAD was attached compared to the real in-flow through the left ventricular outflow tract. There was 
virtually no angle between the VAD and the aorta in the model system other than in the patient with an angle 
of almost 90° between heart and aorta. Additionally, physiological parameters such as pulse and pressure 
should correspond to the patient’s physiology. Nevertheless the results indicate the feasibility of the in-vitro 
setup for simulation pathological flow characteristics. Future studies may therefore provide the opportunity 
for a model based analysis of the effect of progression of disease (aneurysm growth) or therapy (graft 
implantation) on aortic hemodynamics. Additionally, the effect of vessel walls stiffness of the in-vitro model 
needs to be evaluated in more detail.  
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Fig. 1: Vessel model 
manufactured from MRA 
data of the thoracic aorta 
(A), the resulting computer 
model (B) with added walls 
and the final rapid 
prototyping vessel model 
(C). 

Tab. 1: Flow parameters:  patient (in-vitro model). 
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