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Abstract

We have built new asymmetric stents for minimally invasive endovascular treatment of cerebral 

aneurysms. Each asymmetric stent consists of a commercial stent with a micro-welded circular 

mesh patch. The blood flow modification in aneurysm-vessel phantoms due to these stents was 

evaluated using x-ray angiographic analysis. However, the density difference between the 

radiographic contrast and the blood gives rise to a gravity effect, which was evaluated using an 

initial optical dye-dilution experiment. For the radiographic evaluations, curved-vessel phantoms 

instead of simple straight side-wall aneurysm phantoms were used in the characterization of 

meshes/stents. Six phantoms (one untreated, one treated with a commercial stent, and four treated 

with different asymmetric stents) with similar morphologies were used for comparison. We 

calculated time-density curves of the aneurysm region and then calculated the peak value (Pk) and 

washout rate (1/τ) after analytical curve fitting. Flow patterns in the angiograms showed reduction 

of vortex flow and slow washout in the dense mesh patch treated aneurysms. The meshes reduced 

Pk down to 21% and 1/τ down to 12% of the values for the untreated case. In summary, new 

asymmetric stents were constructed and their evaluation demonstrates that they may be useful in 

the endovascular treatment of aneurysms.
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1. INTRODUCTION

Intracranial aneurysms are abnormal bulges in the cerebral arteries, which can progressively 

expand and eventually rupture to cause hemorrhagic stroke. Current treatment methods for 

cerebral aneurysms include open-skull surgery to clip the neck of the aneurysm and 

minimally invasive endovascular procedures. Among treatments, interventional 

endovascular procedures are evolving rapidly and becoming more preferred because of their 

minimal invasiveness. For these endovascular procedures, x-ray angiography is the imaging 

modality of choice to provide guidance during the course of an interventional procedure 

because good image quality can be provided with better spatial and temporal resolution as 

well as full field of view when compared with other image modalities, such as MRA 

(magnetic resonance angiography) and ultrasound. A common endovascular treatment of 

aneurysms uses filling the aneurysm with Guglielmi detachable coils (GDC coils).1,2 During 

the treatment of an aneurysm using coils, physicians use x-ray angiograms to determine the 

packing of coils in the aneurysm body and the extent of unpacked neck remnant1,2 as a 

means to evaluate the results of the treatment. However, problems may occur when using 

GDC coils to fill the aneurysm, such as, possible herniation of coil into the main vessel, 

incomplete filling of the neck of the aneurysm followed by re-growth, difficulties in dealing 

with wide neck aneurysms and giant aneurysms. Moreover, blood flow assessment during an 

endovascular treatment of a cerebral aneurysm may also be of value in evaluation of 

treatment because the formation and growth of aneurysms is flow related;3,4 unfortunately, 

during a coiling procedure, quantitative evaluation of blood flow may be difficult due to the 

interference of the radio-opaque platinum coils filling the aneurysm.

Stents recently are also being used to assist the treatment of aneurysms. A deployed stent 

with some struts blocking the aneurysm orifice can help to prevent the potential protrusion 

of the coils into the main vessel channel.5 Studies6,7 also have been performed showing 

treatment of the aneurysm with a stent alone. However, current commercially available 

stents alone may not modify the standard vortex blood flow (Figure 1A) in the aneurysm 

sufficiently to promote remodeling of the vessel lumen because most have only a few fine 

struts crossing the orifice and still leaving large areas which allow strong blood flow into the 

aneurysm. On the other hand, to achieve the ideal coverage of the aneurysm orifice and 

blood flow modification, one might suppose that fully covered stents such as those used to 

treat abdominal aorta aneurysms8 could be used. However, the vascular anatomy in the 

cerebral circulation is quite different from that of the aorta. Many tiny branching vessels, 

called perforators,9,10 arise from each of the major cerebral arteries. The inside lumen 

diameters of most of the perforators are only in the range of 50 to 300 microns, and a 

blockage of any one of these tiny vessels might cause severe damage to brain tissue. 

Therefore, to reduce the blood flow into the aneurysm while minimizing the probability11 of 

blockage of the perforators, we have proposed the asymmetric stent12,13 as a new treatment 

of cerebral aneurysms. The asymmetric stent design (Figure 1B) consists of a low porosity 

part to be placed at the orifice of the aneurysm and a high porosity part to provide support to 

hold the stent in place. We expect that the asymmetric stent, with the low-porosity mesh 

covering the aneurysm orifice, can modify the vortex flow in an aneurysm to the extent that 

Wang et al. Page 2

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2011 August 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stasis of blood is induced, enabling thrombosis and growth of an endothelial layer covering 

the orifice.

We have previously reported the radiographic visibility and feasibility of positioning the 

asymmetric stents under the guidance of a high-resolution micro-angiographic detector12 

and a preliminary optical dye-dilution flow study comparing the mesh/stent with simulated 

coils13. Although x-ray angiography has been used to evaluate blood flow14 - 17 for decades, 

there are only a few involving evaluation of aneurysmal blood flow16,17. However, the 

density of iodinated contrast is substantially greater than that of blood, and we have 

observed in previous studies18,19 that this density difference can result in the contrast 

separating out or pooling in low flow conditions. Clough et al. have also reported this 

gravity effect on their lung blood flow perfusion studies.20 We believe that consideration of 

and evaluation of this gravity effect is important when quantifying blood flow in aneurysm 

using x-ray angiograms.

In this study, four asymmetric stents with high and low porosity regions (Figure 1B) were 

created for the first time, and they were deployed into silicone-elastomer, aneurysm-vessel 

phantoms21. Flow modification effects of these stents were evaluated using x-ray 

angiograms. In the following sections of this paper, we will present pictures of the newly 

built asymmetric stents, and we will demonstrate the feasibility of using x-ray angiograms to 

evaluate blood flow in the untreated and treated aneurysms. Finally, the characterization of 

different stent/mesh asymmetric stents will point to what we believe will be a promising 

future for these new devices.

2. MATERIALS AND METHODS

Two studies were performed: an evaluation of the gravity effect of contrast media on blood 

flow analysis using optical dye-dilution experiments and a characterization of asymmetric 

stents with different types of meshes using x-ray angiography. We did all the studies in vitro 

using silicone-elastomer (Sylgard® 186, Dow Corning Corp.) vessel phantoms21, which 

were placed in a pulsatile flow loop. Qualitative analysis involved observing the flow 

pattern changes in the aneurysm region in the dynamic images. Quantitative analysis of the 

flow characteristics was performed using a time-density approach14 – 19. The details of the 

experimental set-ups and the time-density method are described below in this section.

2.1. Materials used in the study on gravity effect

We first observed a significant gravity effect on contrast media when we were using a 

simple straight side-wall aneurysm model, which had been used as an idealized model to 

evaluate blood flow in aneurysms6,7,17. This straight vessel geometry also occurs in animal 

models, in which aneurysms are created at the carotid arteries of canines.22 Interestingly, in 

a study done by Tienjin et al.16 using clinical data of human patients, no gravity effect for 

the contrast media was reported. This lack of gravity effect may be due to the fact that 

clinical cerebral aneurysms are usually on tortuous, not straight, vessels, and so the blood 

flow characteristics are probably very different from those on straight vessels in the ideal or 

animal models. To investigate these differences, we performed studies using curved- and 
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straight- vessel aneurysm phantoms19,21 (Figure 2). The curved-vessel phantom consists of a 

vessel with an 80° curve with the aneurysm on the outside radius.

An optical dye-dilution experiment13 was performed while the aneurysm was positioned 

horizontally with respect to gravity (i.e. the plane of Figure 2 was horizontal). Optical dye 

that matched the physical properties of the fluid circulated in the flow loop allowed 

visualization of the actual flow characteristics of the simulated blood. The evaluation of the 

gravity effect of contrast media was achieved by comparing the flow characteristics 

observed for injections of optical dye mixed into contrast media with those of optical dye 

alone. The contrast media used was OXILAN™-300 (Cook Imaging Corp.) with physical 

density of 1.32 g/cc.

2.2. Materials used in the mesh charaterization study

The asymmetric stents consisted of a commercial stent (PENTA™, Guidant/Vascular 

Intervention) as the support structure and a circular stainless steel mesh patch micro-welded 

(Laser welder, Equi Lasers Inc.) to the stent. An example of an asymmetric stent is shown in 

Figure 3.

The modified stents were re-crimped onto balloons and deployed into the elastomer vessel 

phantoms using a standard balloon-expansion technique. Full coverage of the aneurysm 

orifice by the mesh patch was confirmed optically under the microscope for each of the 

phantoms treated with asymmetric stents. Two other vessel phantoms were used as controls 

in this study for comparison, one untreated aneurysm phantom and one aneurysm phantom 

treated with the unmodified commercial PENTA™ stent. All the phantoms were similar in 

morphology with 3 mm diameter vessel and 11 mm aneurysm dome, which were made to 

simulate the typical clinical cerebral vessel and aneurysm sizes. Based on our results in the 

gravity effect study, we chose to use the 80° curved geometry for all the phantoms. The 

shape was chosen to be close to the cerebral vascular anatomy and was positioned to 

minimize the pooling of contrast media due to the gravity effect.

In table 1, we list four different types of meshes used in this study. The porosity is defined 

as the fractional part of the mesh area that is open: i.e. P = Ao/At, where P is porosity, Ao is 

the area of the openings and At is the total area. The permeability is a measure of the ability 

of a certain material to transfer fluid. We calculated the permeability, κ, here 1 using a 

simplified approximation derived from Poiseuille’s equation for a one dimensional flow: 

.23 We explored the correlation between the flow modification and the 

porosity and permeability of meshes.

2.3. Set-up of the pulsatile flow loop

In both of the studies, the vessel phantoms were placed in a pulsatile flow loop as shown in 

Figure 4. We used 40/60 glycerin/water as simulated blood with 1.1 g/cc physical density 

and 4.4 cPs viscosity at room temperature. The other advantage of using 40/60 glycerin/

water is that the refractive index of this mixture happens to match with that of the silicone 

elastomer quite well. Thus, the phantoms are optically transparent when filled with this fluid 

allowing easy confirmation of the coverage of aneurysm orifice and facilitating the optical 
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dye-dilution experiment. The set-up of the optical experiment is described in section 2.4. To 

simulate physiological flow conditions, we chose flow parameters to be 81 beats/min pulse 

rate and 320 ml/min average flow rate. The pulsatile flow was generated using a peristaltic 

pumping system (MasterFlex®, Cole-Parmer Instrument Co.). This type of pump generates a 

forward flow velocity only (i.e. no backward flow) ranging from the maximum chosen to a 

minimum of about 26% maximum velocity as we measured using a flowmeter (TS410, 

Transonic Systems Inc.). The Reynold’s number under this flow condition was calculated to 

be 560.

The dye/contrast dilution experiments were performed by injecting 4 cc of optical dye or 

radiographic contrast media into the vessel proximal end via a 6F catheter while images 

were being acquired at 30 frames/sec either by a video camera or an x-ray imaging 

intensifier system (section 2.4). Eight side holes (about 1 mm in diameter) were purposely 

drilled near the catheter tip in order to achieve good mixture of the dye/contrast with the 

glycerin/water fluid.

2.4. Image acquisition systems

We have previously reported our optical dye-dilution studies13,18,19. For the optical dye 

studies, the optical microscope/video camera system (Figure 5A) was used. A view box was 

used as a light source, and the aneurysm phantoms were placed on top of the view box, so 

that the acquired transmission images were comparable to those obtained for the x-ray 

imaging system (Figure 5B). A linearity calibration was performed for the CCD video 

camera system prior to quantitative analysis. This optical set-up was also used to study the 

gravity effect of the contrast media. For the optical dye studies, the physical density of the 

dye was matched to that of the simulated blood, so that measured quantities corresponded to 

those of the actual blood flow.

For the mesh characterization studies, we used a standard x-ray angiographic system (Figure 

5B), and the x-ray parameters were set at: 70 kVp, 80 mA, 4 ms, with 93 cm SID (source to 

image distance), magnification of 1.2, and minimal scattering material in the beam.

2.5. Time-density analysis

We analyzed the flow properties quantitatively using time-density curves which were 

derived from the image sequences in the aneurysm region. As illustrated in Figure 6, a 

region of interest (ROI) was defined to include the whole aneurysm (ROI-1). The average 

gray scale in the ROI-1 was then calculated as a function of time to generate time-density 

curves. From the time-density curves, we calculated the peak value (Pk) from a polynomial 

fit around the peak region and the washout time constant (τ) from an exponential fit of the 

washout part of the curves. For all the runs, the same time interval was used for the 

exponential fit. The peak values and washout time constant appear to be related to the flow 

in the aneurysm, i.e. the stronger the flow the more contrast media flow into the aneurysm 

and thus the larger the peak value, and similarly, the faster the flow the faster the washout of 

the contrast media from the aneurysm region. When gravity gave rise to pooling, measured 

washout times would be increased. Correlations between the flow properties (Pk and τ) 

derived from the time-density curves and the mesh properties (porosity and permeability) 
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were then compared and discussed in order to characterize the asymmetric stents as related 

to flow modification.

2.6. Minimizing the variations of hand injection

We used hand injection in all the studies, which is not uncommon in clinical neurovascular 

cases. Although all injections were done by the same person after practicing and variations 

due to the injections were small, we employed methods here described to minimize these 

variations to facilitate comparisons.

2.6.1 De-convolution of the in-flow profile—ROIs were drawn on the proximal part of 

the vessel (in-flow region) close to the aneurysm (Figure 6, ROI-2) and on the aneurysm 

(ROI-1). Time-density curves were obtained for both regions, the in-flow and aneurysm 

profiles respectively. Variations were seen in the in-flow profiles. The influence of the 

injection variations was removed from the time-density curves of the aneurysm region by 

deconvolving. The deconvolution proceeded as follows:

1. Obtain the Fourier transforms of the in-flow profile fIn(t) and aneurysm profile 

fAneu(t):

(Eq. 1a)

(Eq. 1b)

2. Divide the Fourier transform of the aneurysm profile by the Fourier transform of 

the in-flow profile (where the subscript Dc represents “Deconvolution”):

(Eq. 2)

3. Perform the inverse Fourier transform:

(Eq. 3)

We used the following techniques to acquire and process the data: (1) The injection 

technique was practiced, so that the injection profiles were smooth and were not of a square-

wave form to give smooth data in the Fourier domain. (2) For the optical experiment, the 

odd and even lines in the interlaced video image were used to obtain 60 fields/sec data 

effectively doubling the temporal sampling. (3) Running mean averaging was employed to 

smooth the time-density curves, reducing effects due to the pulsatile flow. (4) High 

frequency noise in the deconvolution result was eliminated by exponential extrapolation.
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This deconvolution technique was used in the optical experiments on gravity effect.

2.6.2 Averaging repeated runs—In the radiographic studies for the characterization of 

the meshes, the injection was found to be quite reproducible, so a simple average of three 

repeated runs was used.

3. RESULTS AND DISCUSSION

3.1. Pooling of contrast media in the aneurysm

Figure 7A and 7B show the time-density curves for the straight and curved vessel phantoms, 

respectively, comparing an injection of a mixture of contrast media and optical dye with an 

injection of optical dye only. The time-density curves shown here were generated using 

running-mean smoothing. The aneurysm washout time for the curved vessel is shorter than 

that for the straight vessel. This result is probably due to the strong pressure-driven flow into 

the aneurysm for the curved vessel as compared to the weak shear-driven flow into the 

aneurysm for the straight vessel. We also can see that the two curves for the curved vessel 

are very close while the two curves for the straight phantom are separated. The plateau-like 

behavior in the time-density curve for contrast media in the straight vessel is due to pooling 

of contrast media (gravity effect) at the bottom of the aneurysm. There appears to be 

minimal pooling of the contrast media in the aneurysm on the curved vessel; therefore, the 

flow of the contrast media is expected to reflect the flow of the simulated blood represented 

by the flow of the optical dye alone.

Although the two curves seem similar, variations may occur due to the hand injections. To 

reduce these variations, we deconvolved the time-density curves as described in section 

2.6.1. The deconvolved time-density curves are shown in Figure 8. A summary of the 

washout time constant (τ) data obtained for each of these curves are summarized in Table 2. 

The two time-density curves for the curved vessel are still very similar while the two curves 

for the straight vessel are clearly different. The similarity of the curves (with and without 

contrast) indicate that accurate flow evaluation can be achieved from radiographic data 

when no or minimal gravity effect (pooling of contrast media) is present. Moreover, 

qualitative observation and quantitative measures can indicate when the gravity effect is 

present. This also may be useful in evaluation of the flow in the aneurysm. Therefore, we 

decided to use x-ray angiographic studies instead of optical dye experiments to evaluate the 

blood flow modification in our mesh characterization study. The ability to evaluate blood 

flow modification using radiographic contrast will be important to future clinical studies.

3.2. Flow modification by the assymetric stents

3.2.1 Qualitative results—Sample images to demonstrate the flow pattern changes are 

shown in Figure 9. We selected four images in time sequences from one run for each of the 

phantoms: (1) at t = 0.2 s, which demonstrates the arrival property of the flow, (2) at t = 0.6 

s, when filling of the contrast media into the aneurysm almost reaches the maximum, (3) at t 

= 2 s, which demonstrates the washout flow property, and (3) at t = 5 s, when the final stage 

of the washout is reached. From the images of the untreated phantom, we can see a strong 

vortex flow in the aneurysm, full filling of the contrast media, and an almost complete 
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washout of the contrast media from the aneurysm within only 5 s. With the treatment of the 

PENTA™ stent, we can see a jet-like pattern due to the re-directed flow by the stent struts, 

an almost complete filling of the contrast media, and a delayed washout compared with the 

untreated case. Although a modification of flow by the commercial stent was observed in the 

dynamic sequences, the flow in the aneurysm still appeared to be strong and the jet-like flow 

impinged on the aneurysm wall. Extrapolating to the clinical situation, stenting could result 

in a high impulse jet to an already weakened wall which might ultimately lead to 

hemorrhage. For the aneurysm treated with asymmetric stent with 200 mesh, vortex flow 

could still be observed, but the flow enters the aneurysm across the entire orifice, i.e., not as 

a jet. We observed reduced flow of the contrast media across the 200 mesh relative to that in 

the untreated phantom. For the cases with the denser meshes (250, 400, and 500), no vortex 

flow of the contrast media could be observed. Although weak vortex flow might be present 

in these aneurysms, they are so weak that they are masked by the gravity effects of the 

heavy contrast media. In other words, the contrast media does not appear to track the actual 

flow pattern due to the gravity effect, specifically pooling of contrast media. For these 

meshes, the contrast media appears to ooze through the meshes in a pulsed manner and 

perfusing throughout the aneurysm. The images indicate that the denser the mesh, the less 

contrast media passes through the mesh, and from the washout images it appears that the 

contrast media is pooling.

3.2.2 Quantitative results—The time-density curves calculated for all six phantoms are 

shown in Figure 10. Each of the curves represents an average of three repeated runs. The 

peak and washout rate for each case are presented in Table 3 in which values are presented 

as fractions of the values for the untreated case. The time-density curve for the untreated 

aneurysm indicates that full washout occurs, i.e., no pooling of contrast media in the 

aneurysm. The washout time constant for the untreated aneurysm is 0.98 s, i.e. the washout 

rate is 1.02 s−1. For the highly porous commercial stent, the peak value drops to 83% of the 

untreated, and the washout flow rate is 33% of that of the untreated case. For the cases with 

the mesh patches, the peak value (Pk) and the washout rate (1/τ) are reduced further as the 

meshes get denser. From the washout properties of these curves, it appears that they fall into 

three groups: (1) the untreated case where no pooling occurs, and events, e.g. washout and 

aneurysmal flow, are substantially more rapid than the others; (2) the cases with the 

commercial stent and 200 mesh where there are similar delayed washout properties, caused 

by the slower flow in the aneurysm with minimal pooling of contrast media; (3) the 250, 

400, and 500 mesh treated aneurysms where there is the pooling of the contrast media 

leading to a very long washout time even though much less contrast media flows into the 

aneurysm.

In Figure 11, we present the fractional peak values and washout rates as functions of the 

mesh properties, porosity, and permeability. The mesh types are indicated above the 

horizontal axes of the graphs as 200, 250, 400, and 500. While porosity seems to correlate 

with flow properties for the 250, 400, and 500 mesh cases, the 200 case indicates that 

porosity may not be a good criterion to characterize mesh effect on flow modification. Note 

that the 200 mesh has wider openings than the 250 mesh, although having a slightly lower 

porosity (Table 1). On the other hand, permeability correlated quite well with the calculated 
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parameters related to flow modification. We can see that the lower the permeability, the 

lower the peak value in the time-density curves. The r value of the correlation between peak 

value and permeability is 0.95. The correlation between washout rate and permeability is 

0.82; the similar washout rates of the cases for 250, 400, and 500 meshes are due to the 

pooling of contrast media in the aneurysm. Thus, we view permeability to be a more useful 

reference parameter when characterizing mesh properties.

4. CONCLUSION

In this work, new asymmetric stents were created, and flow modification by the asymmetric 

stents was evaluated using x-ray angiography for the first time. The flow modification by the 

asymmetric stents demonstrated in the angiograms is substantial. The results are promising 

for the future use of this approach in the endovascular treatment of aneurysms and in 

improving and possibly supplanting the use of GDC coils.
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Figure 1. 
A new approach to treat cerebral aneurysms. A. Standard vortex blood flow in cerebral 

aneurysm. B. New design of asymmetric stent, which can modify the blood flow in the 

aneurysm region.
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Figure 2. 
Drawings of the geometries of the two vessel phantoms used in the gravity effect study: A. 

Straight vessel, B. 80° curved vessel phantom with the aneurysm on the outside radius.
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Figure 3. 
An example of the newly built asymmetric stents. A. A circular 250 mesh patch micro-

welded on a commercially available PENTA™ stent. B. Zoomed view of the micro-welded 

mesh.
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Figure 4. 
Schematic drawing of the pulsatile flow loop set-up.
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Figure 5. 
The image acquisition systems. A. Optical microscope/video camera system. B. 

Interventional angiographic system (Infinix™, Toshiba Corp.), XII: X-ray image intensifier.
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Figure 6. 
User indication of the ROIs. A. ROI-1: The aneurysm region, B. ROI-2: The in-flow region.
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Figure 7. 
Smoothed time-density curves of the untreated phantoms comparing mixture with contrast 

media versus the optical dye alone. A. Straight vessel phantom. B. Curved vessel phantom.
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Figure 8. 
Deconvolved time-density curves of the untreated phantoms comparing mixture with 

contrast media versus the optical dye alone. A. Straight vessel phantom. B. Curved vessel 

phantom.
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Figure 9. 
Flow patterns in the aneurysm region: A. untreated aneurysm, B. treated with PENTA™ 

stent, C. treated with 200 mesh/stent, D. treated with 250 mesh/stent, E. treated with 400 

mesh/stent, and F. treated with 500 mesh/stent.
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Figure 10. 
Time-density curves showing flow modification in aneurysms treated with asymmetric 

stents.
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Figure 11. 
Correlations between flow parameters and mesh properties (parameters are shown relative to 

those of the untreated aneurysm). A. Flow parameters versus porosity. B. Flow parameters 

versus permeability.
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Table 2

Summary of the flow parameters from the deconvolved time-density curves

Geometry of aneurysm-
vessel phantom

Mixture with contrast media Optical dye alone

Washout time constant 
(s), average of three runs Standard deviation (s)

Washout time 
constant (s), average 

of three runs Standard deviation (s)

Straight vessel 49.33 2.26 7.98 1.37

Curved vessel 4.55 0.11 4.45 0.05
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