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Abstract

Background—Intracranial vertebral artery dissecting aneurysms (VADAs) tend to recur despite 

successful stent-assisted coil embolization (SACE). Hemodynamics is useful in evaluating 

aneurysmal formation, growth and rupture. Our aim was to evaluate the hemodynamic patterns of 

VADA's recurrence.

Methods—Between September 2009 and November 2013, all consecutive patients with recurrent 

VADAs after SACE in our institutions were enrolled. Recurrence was defined as recanalization 

and/or regrowth. We assessed the hemodynamic alterations in wall shear stress (WSS) and velocity 

after the initial SACE and subsequently after retreatment of the aneurysms that recurred.

Results—Five patients were finally included. After the initial treatment, three cases showed 

recanalization and 2 cases showed regrowth. In the 2 regrew cases, the 2 original aneurysms 

maintained complete occlusion; however de-novo aneurysm regrowth was confirmed near the 

previous site. Compared with 3 recanalized aneurysms, the completely occluded aneurysms 

showed high mean reductions in velocity and WSS after initial treatment (77.6% versus 57.7% in 

velocity, 74.2% versus 52.4% in WSS), however, remaining high WSS at region near the previous 

lesion where the new aneurysm originated. After the second retreatment, there was no recurrence 
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in all cases. Compared with the 3 aneurysms that recanalized, the 4 aneurysms that maintained 

complete occlusion showed higher reductions in velocity (62.9%) and WSS (71.1%).

Conclusion—Our series indicated that hemodynamics might have an important role in 

recurrence of VADAs. After endovascular treatment, sufficient hemodynamic reductions in 

aneurysm dome, orifice and parent vessel may be one of the key factors for preventing recurrence 

in VADAs.
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Introduction

Intracranial vertebral artery dissecting aneurysms (VADAs) represent 3.3% of all intracranial 

aneurysms.1 VADAs' rupture, mass effect and/or posterior circulation ischemia result in high 

mortality and morbidity.2-4 Endovascular treatment of VADAs has been reported either by 

stent-assisted coil embolization (SACE) or parent artery occlusion.5-7 Although SACE in 

saccular aneurysms is associated with high rates of complete aneurysmal occlusion, on the 

contrary VADAs seem to recur and need retreatment despite initial successful occlusion.8

Computational Fluid Dynamic (CFD) is a valuable tool in evaluating aneurysmal formation, 

growth and rupture.9, 10 In our previous reports,11, 12 high wall shear stress (WSS) and flow 

velocity were found to be associated with recanalization of aneurysms embolized with coils 

alone. For VADAs treated with SACE, the relationship between hemodynamics and 

outcomes is still unclear.

The present study was designed as a self-controlled research in hemodynamic alterations of 

each patient after initial treatment and retreatment. It might be more interesting to explain 

the phenomenon that why did these VADAs recur after initial treatment and why did not 

after retreatment? Recurrent VADA with successful retreatment outcome is a valuable model 

to evaluate the hemodynamic risk factors in recurrence, which could remove confounding 

factors among different patients. As the strict inclusion criterion, such cases were rare and 

less reported in literature.

Therefore, we aimed to evaluate the correlation between hemodynamics by CFD and the 

incidence of recurrence in VADAs after endovascular treatment.

Material and Methods

The ethics committee of our hospital approved this study. Informed consent was obtained 

from each study patient.

Patient selection and geometrical reconstruction

Between September 2009 and November 2013, 112 consecutive patients presented with 

intracranial veterbrobasilar dissecting aneurysms underwent endovascular treatment in our 

hospital. Seventy-two patients were treated with SACE. Digital Subtraction Angiography 
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(DSA) follow-up were available in 59 patients (81.9%). Recurrence was confirmed by 

angiographic follow-up in 10 patients (16.9%). Retreatments were needed in 6 patients with 

VADAs. Angiographic recurrence was defined as a substantial increase in the contrast 

medium–filled portion of the dissecting aneurysm compared with a control angiogram taken 

immediately after the initial treatment.8 Recurrences of dissecting aneurysms were divided 

into i) recanalization and ii) regrowth.13 Recanalization means opening of the previously 

embolized dissecting aneurysms, which has the same size, but the coils have been moved 

away from the original site due to blood flow and consequent compaction. Regrowth 

signifies that the dissecting aneurysm has become larger and the coil mass is no longer 

sufficient to obliterate it.13, 14 Extent of occlusion and criteria for recurrence were evaluated 

by three neuroradiologists at our institution. All the measurement and evaluation were made 

by DSA images.

The 3-dimesional (3D) DSA images of these 6 cases were collected and reviewed. One case 

was excluded from current study because of inadequate 3D image quality for CFD analysis. 

Finally, there were 5 cases included in our present hemodynamic study, demonstrated in 

Table 1. Enterprise stents (CORDIS ENTERPRISE™ Vascular Reconstruction Device; 

Cordis Neurovascular, Miami, FL, USA) were used in all these cases. For case 5, the 

retreatment was performed with two more stents in attempt to reconstruct the vessel lumen. 

However, the follow up after retreatment showed parent artery occlusion without any 

adverse event. Multiple factors, like in-stent thrombosis or platelet inhibition may be 

involved in parent vessel occlusion after retreatment. Therefore, we only performed 

simulation of initial treatment for case 5 without retreatment simulation.

3D aneurysm geometries both before the initial treatment and retreatment were obtained 

from DSA images. 3D geometry surface displayed at an isosurface with a mean threshold 

value of 1300 Hounsfield unit (H). The threshold values before and after treatment were 

approximately similar for every patient. We firstly segmented and globally surface smoothed 

the images using Geomagic Studio version 12.0 (Geomagic, Research Triangle Park, NC) 

and saved the surface geometries as standard tessellation language (STL) format.15 Using 

virtual stent deployment in the parent artery16 and porous media method in the aneurysm 

sac,15,17 the post-treatment and post-retreatment aneurysm models were created for each 

case. The parameters setting in coil modeling were calculated based on the clinical coil 

usage. The volume of the coil was calculated, and the algebraic equation was as follows: 

volume of the coil= π × (diameter of coil/2)2 × the length of the coil. Packing density was 

defined as the ratio between the volume of the coils and volume of the aneurysms.18 Thus, 

we created four models for case 1, 2, 3 and 4: pre-treatment model, post-treatment model, 

pre-retreatment model and post-retreatment model. Three models, excluding post-

retreatment model, were created for case 5.

CFD simulations and hemodynamic analysis

The virtual stent was merged with the aneurysm geometry in ICEM CFD version 14.0 

(ANSYS Inc., Canonsburg, PA) to create finite volume tetrahedral elements for CFD 

simulation. The largest element size was 0.2mm and the element size on stent was set to be 

0.025mm in order to sufficiently present the stent geometry, which was approximately 1/3 of 
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the width of the strut of the Enterprise stent (0.078 mm; Cordis Neurovascular, Miami, FL, 

USA).15, 19 Mesh sizes ranged between 1.29 and 12.72 million elements in present study. 

ANSYS CFX 14.0 (ANSYS Inc., Canonsburg, Pa., USA) was then used to solve the flow 

governing Navier-Strokes equations with the assumption of laminar, incompressible and 

Newtonian blood flow. The density and dynamic viscosity of blood were specified as 1060 

kg/m3 and 0.004 N·s/m2, respectively. The blood vessel wall was assumed to be rigid with 

no-slip boundary conditions. We used a pulsatile velocity profile obtained by Transcranial 

Doppler from a normal subject for the inlet flow conditions. The flow waveforms were 

scaled to achieve a mean inlet WSS of 15 dyne/cm under pulsatile conditions.15 Three 

cardiac cycle simulations were performed for numerical stability and the last cardiac cycle 

was collected as output. We then post-processed and visualized the results of these 

simulations with CFX post-processing tool. The spatial-averaged WSS at peak systole at 

aneurysm wall was calculated for each model of each case. The intra-aneurysmal flow 

velocity was also calculated at the peak systole and illustrated on a cutting plane across 

aneurysm and parent vessel. The flow reduction ratio is defined as (pre-treatment parameter- 

post-treatment parameter)/pre-treatment parameter. Angle measurements were performed as 

described by Kono et al.19 for evaluating the straightening of parent vessel.

Results

Hemodynamic alterations are shown in Table 2.

At a mean follow up of 5.8 months after initial treatment, three cases (case 3, 4 and 5) 

showed recanalization and 2 cases showed regrowth (case 1 and 2). In case 1 and 2, although 

the 2 original aneurysms maintained complete occlusion, de-novo aneurysm regrowth was 

confirmed near the previous site in both cases (Figure 1 C). Compared with 3 recanalized 

aneurysms (case 3, 4 and 5), the 2 complete occluded aneurysms in the 2 regrew cases (case 

1 and 2) showed much higher mean reductions in velocity and WSS after initial treatment 

(77.6% versus 57.7% in velocity, 74.2% versus 52.4% in WSS), however, remaining high 

WSS at region near the previous lesion where new aneurysm initiated (Figure 1 F and J).

After retreatment, there was no recurrence in all cases (mean follow-up of 8.6 months). The 

retreatment consisted in complete occlusion in case 1, 2, 3 and 4; parent artery occlusion in 

case 5. Compared with the 3 aneurysms recanalized after initial treatment, the 4 aneurysms 

that maintained complete occlusion after retreatment showed higher reductions in velocity 

(62.9% versus 57.7%) and WSS (71.1% versus 52.4%) after retreatment. Meanwhile, the 

parent vessels covered by stents also showed much lower WSS without significant high 

WSS region after retreatment.

Case 1 and 2

Regrowth was confirmed in both cases at angiographic follow up after initial SACE. The de-

novo aneurysm was found initiating from a different location near previous site. According 

to our simulation result, after initial SACE, the WSS and flow velocity were markedly 

decreased in both original aneurysms without any flow impact on aneurysm wall under the 

effect of stent and coils (Figure 1 F and J). The reduction rates of both parameters were 

63.4% and 63.5% in case 1, and 84.9% and 91.6% in case 2 (Table 2). However, localized 
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high WSS and flow impact were remained at parent vessel in both cases after stent 

deployment. Matched between WSS contour map and angiographic image, the new lesions 

just grew at such regions (Figure 1 F and J, arrows). The WSS and velocity at this region 

were 4.2 and 5.8 times higher than the mean values at parent artery in case 1 (8.91 versus 

2.10 Pa and 0.0554 versus 0.0096 m/s, respectively), and those parameters were 2.0 and 3.5 

times higher than those at parent artery in case 2 (9.49 versus 4.85 Pa and 0.0811 versus 

0.0232 m/s, respectively). After retreatment, both de-novo aneurysms showed much lower 

WSS and velocity (Figure 1 H and L). The reduction rates of WSS in de-novo aneurysms 

were 59.3% in case 1 and 88.4% in case 2, and the reduction rates of velocity in de-novo 

aneurysms were 50.0% and 76.1% respectively. Additionally, the parent arteries covered by 

stents also showed significant lower WSS after retreatment.

Case 3

A 29 years patient underwent SACE of a right VADA. Angiographic follow up showed a 

stable occlusion after retreatment. Before initial treatment, the high WSS and concentrated 

flow jet could be found at inflow zone near the aneurysm neck (Figure 2 E and I). After 

initial SACE, the WSS at aneurysm dome was significantly reduced (65.8%), however, there 

was remaining high WSS near the neck (Figure 2 F, arrow). Intra-aneurysmal flow velocity 

was greatly reduced by coil mass (62.8%). The inflow jet near the aneurysm neck was high 

after stent placement (Figure 2 J, arrow). Although the reductions in WSS and velocity of 

aneurysm were 65.8% and 62.8% respectively, no obvious flow diversion could be observed 

at neck area after initial treatment. After retreatment, both parameters were further decreased 

(61.8% and 56.3% respectively) and no inflow jet could be found near the neck (Fig. 2 H 

and L). The outcome of retreatment was stable maintaining complete occlusion at last follow 

up.

Case 4

A 49 years patient underwent SACE of a right VADA. The aneurysm still maintained 

incomplete occlusion at follow up angiography. Retreatment was performed with additional 

SACE and the lesion was completely occluded. The velocity distribution on a cutting plane 

before treatment showed the inflow jet directly impact on the distal portion of aneurysm wall 

where the WSS was high. The intra-aneurysmal blood flow was reduced after the initial 

SACE. However, the reductions were not significant compared with reductions after 

retreatment (54.5% and 53.9%). After retreatment, the WSS and flow velocity in aneurysm 

were markedly reduced (74.8% and 69.2%) and no inflow impingement was found in 

aneurysm sac. The last angiographic follow-up showed the aneurysm was complete 

occlusion and parent vessel was successfully reconstructed.

Case 5

A 53 years patient underwent SACE of a left VADA. The aneurysm was still not occluded at 

follow up after initial treatment and parent vessel occlusion was found at second follow up 

after additional stents deployment. Before treatment, a concentrated inflow jet could be 

observed on the cutting plane and directly impacted on the distal portion of aneurysm where 

the WSS was relatively high compared to entire aneurysm. After initial treatment, the main 

stream of inflow jet was redirected back to the parent artery, however still remaining flow 

Liu et al. Page 5

World Neurosurg. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impingement. The flow reductions in WSS and velocity in aneurysm were only 37.0% and 

56.4% respectively. At angiographic follow up, the inflow stream was still observed at 

residual sac without complete occlusion.

Additionally, the straightening of parent vessel could be observed in all cases on the follow 

up angiogram after SACE. Stent placement straightened vessels by mean 26.65° at mean 5.8 

months after treatment.

Discussion

In the present analysis, high WSS and flow velocity in the aneurysmal wall or in the parent 

artery segment close to the aneurysm were associated with recurrence of VADAs after 

SACE. Reductions in those factors at the level of the diseased vessel segment seem to be 

associated with stable occlusion.

Hemodynamic analysis by CFD is helpful in evaluating aneurysmal formation, growth and 

rupture.9, 10 However, there are limited data on the correlation between hemodynamics and 

recurrence of VADAs after SACE.19-21 A CFD study 21 reported a patient presented with 

subarachnoid hemorrhage resulting from bilateral VADAs. Preoperative simulations were 

performed to predict the rupture side and estimate the increase in WSS on an aneurysm in 

case of trapping of contralateral one, which might cause further enlargement or rupture. 

However, the treatment strategy of SACE was not simulated for analysis. We have 

previously reported that the high WSS and flow velocity were associated with aneurysm 

recurrence after endovascular treatment.11, 12 However, all aneurysms in those studies were 

not VADA and were not treated with SACE. In another study,19 CFD was performed on 16 

vertebral artery aneurysms treated with SACE and followed with conventional catheter 

angiography. The authors compared the hemodynamic effect of stent struts by straightening 

the vessel and therefore reducing flow velocity in aneurysms. However, the hemodynamic 

effect of coils was not evaluated in their study. In the present study, we performed CFD 

simulations to evaluate the different outcomes after initial treatment and retreatment in the 

same patient, which could eliminate variability among individuals.

Techniques in stent and coil simulations

In addition to the patient-specific aneurysm models used in this study, we also developed a 

novel virtual stenting workflow to simulate the intracranial stent deployment16 and used the 

porous media method to simulate coil embolization.17 With all these techniques, the 

hemodynamic simulation could be more accurate and our results may provide helpful 

information in successful management of such lesions. With development of CFD 

techniques, more and more researchers estimated the hemodynamic effect of intracranial 

stent or coils using different modeling techniques.17, 19, 22-27 However, the simulation results 

may be influenced by methodological diversity. In the study by Tremmel et al,26 the stent 

was conformed to fit into parent vessel and deployed across aneurysm neck, which was 

thought to be less accurate in simulations compared with real status of stent deployment. 

Some other studies evaluated hemodynamic alterations by stent placement in animal models 

and the stent geometry was reconstructed using micro-CT.22, 27 Such stent model was much 

more accurate, however, it was less likely to apply to large cohort study. Used in our present 
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study, the virtual stenting technique might be a better option for CFD simulation of 

aneurysm outcome after SACE.

In addition to stent, coil is another factor that significantly influences on the intra-

aneurysmal flow condition. However, some CFD researches evaluated hemodynamic effect 

on aneurysm outcome; they did not include modeling of the coils into simulation.11, 12, 19 

On the other hand, some studies assessed hemodynamic effect of coils in aneurysm 

sac.17, 23, 24 However, in those studies, the relationship between such effect of coils and 

aneurysm outcome was unknown. In our present study, the coiled aneurysm sac was 

modeled as a porous medium region of which the porosity and permeability were calculated 

from a series of coils used in clinical practice. As long as we know, the present study was the 

first hemodynamic research of aneurysm outcome using advanced combined stent and coil 

simulation techniques.

Hemodynamics of VADAs recurrence

As demonstrated in Table 2 and figures, after initial treatment, the reductions in WSS and 

flow velocity in aneurysm were insufficient (case 4 and 5) or high WSS and flow 

impingement remained at some region of diseased vessel (case 1 and 2) or aneurysm orifice 

(case 3). The angiographic follow up of these cases showed recurrence. On the contrary, 

after retreatment, the WSS and flow velocity in aneurysms were further decreased and the 

direct inflow jet was redirected with additional stent and coils. The follow up after 

retreatment confirmed stable outcome. Although the different retreatment methods were 

used, the homogeneous alterations in hemodynamics were induced, which lead to further 

stable outcome. Our results indicated that hemodynamic reduction was the key point in 

outcome no matter what method used in treatment. The self-controlled comparison might 

eliminate the confounding factors among individuals and make the results more accurate. In 

addition to stent struts and coil mass, the straightening of vessel caused by stent placement 

could also effect on intra-aneurysmal flow condition.19 Other groups also revealed that stent-

induced angular remodeling significant altered perianeurysmal hemodynamics.28, 29 In our 

study, the straightening of vessel was also observed in all cases with a mean of 26.65 

degrees. Combined with stent struts, coils and straightening of vessels, our results suggested 

that sufficient reductions in WSS and flow velocity in aneurysms were benefit for outcome 

of VADAs after SACE.

The potential hemodynamic mechanism of recurrence was complex and still unclear. The 

regions of elevated WSS and blood flow were thought to cause endothelia degeneration and 

vessel wall dilatation and predisposed the vessel to further aneurysm initiation or 

growth.9, 30 Meanwhile, the remaining high flow impact at aneurysm neck could induce coil 

mass compaction or persist unocclusion under long term flow impingement,31 which 

presented as recanalization or incomplete occlusion at angiographic follow up.

Limitations

In our study, the case number was small. As we demonstrated, the inclusion criterion was 

strict and such cases were rare in clinical practice. We tried to compare the hemodynamic 

alterations caused by initial treatment and retreatment in the same patient as self-control. 
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Therefore, we thought our result could still provide valuable information in reducing 

recurrence rate of VADAs in clinical practice without including other controls. Larger study 

from multicenter database was still needed in the future. Additionally, our results might not 

be applicable to aneurysms at other locations because our cases were all VADAs. Rigid wall, 

laminar flow, general boundary conditions and Newtonian blood assumptions were used in 

our CFD simulations. Such assumptions might introduce bias and patient-specific settings 

would make more accurate results. The geometrical structure of the Enterprise stent struts 

was simplified as approximation of actual stent and the porous media method was used to 

mimic an ideal coil mass without actual coil configuration. The angle measurement might 

introduce bias. Other factors, such as pathological factors, are also likely to be involved in 

the process of VADAs recurrence after SAC. The hemodynamics could not fully explain the 

mechanism of recurrence. The definition and evaluation of recurrence might introduce bias 

and the pathology might have different ways among recanalization, regrowth and de-novo 

aneurysm growth. Multidisciplinary study is needed in the future.

Conclusion

To the best of our knowledge, this is the first study to describe the relationship between 

hemodynamics and outcome in VADAs. Our series seems to indicate that hemodynamics 

may have an important role in recurrence of VADAs. After endovascular treatment, 

sufficient hemodynamic reductions in aneurysm dome, orifice and parent vessel may be one 

of the key factors for preventing recurrence in VADAs. Larger studies from multicenter 

database are needed.
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Highlights

1. The relationship between hemodynamics and outcomes were demonstrated 

within a series of vertebral artery dissecting aneurysms treated with stent-

assisted coiling embolization.

2. The present study was designed as a self-controlled research in hemodynamic 

alterations of each patient after initial treatment and retreatment.

3. The present study was the first hemodynamic research of aneurysm outcome 

using advanced combined virtual stenting and coil simulation techniques.

4. After endovascular treatment, sufficient hemodynamic reductions in 

aneurysm dome, orifice and parent vessel may be one of the key factors for 

preventing recurrence in VADAs.
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Figure 1. 
Angiograms and corresponding illustrations of hemodynamic characteristics in case 1.

A series of angiograms (A-D) were showed in the first row and corresponding hemodynamic 

results were demonstrated in the last two rows (WSS in middle row, E-H; velocity in the last 

row, I-L). The results of pre-treatment (A, E and I), post-treatment (B, F and J), pre-

retreatment (C, G and K) and post-retreatment (D, H and L) models were listed in four 

columns from left to right. The original aneurysm was completely occluded with SAC (B) 

and maintained stable at 8 months follow up (C). However, a new aneurysm was found 

initiating from a different location near previous site (C, arrow). Retreatment was performed 

and complete occlusion was achieved (D). On the hemodynamic view, although the WSS 

and velocity was decreased in aneurysm after initial treatment (F and J), localized high WSS 

and flow impact were remained at parent vessel (F and J, arrows), and new aneurysm just 

grew at this region (C and F, arrows). After retreatment, both aneurysm and parent vessel 

showed further decrease in WSS (H).
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Figure 2. 
Angiograms and corresponding illustrations of hemodynamic characteristics in case 3.

The results of pre-treatment (A, E and I), post-treatment (B, F and J), pre-retreatment (C, G 

and K) and post-retreatment (D, H and L) were demonstrated in four columns. A series of 

angiograms (A-D) were showed in the first row and corresponding hemodynamic results 

were demonstrated in the last two rows (WSS in middle row, E-H; velocity in the last row, I-

L). The aneurysm was completely occluded after initial treatment (B). However, 

recanalization was confirmed at 3 months follow up (C, arrow). In simulation results, the 

WSS and velocity in aneurysm were significantly reduced (F and J) after initial treatment, 

however, remaining high WSS and inflow jet near the neck (F and J, arrows) that were 

associated with recanalization. After retreatment, no inflow jet could be found near the neck 

(H and L)
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Table 2

Hemodynamic alterations in VADAs after initial endovascular treatment and retreatment.

Patient NO. RR in WSS after IT (%) RR in velocity after IT (%) RR in WSS after RT (%) RR in velocity after RT (%)

1 63.4 63.5 59.3 50.0

2 84.9 91.6 88.4 76.1

3 65.8 62.8 61.8 56.3

4 54.5 53.9 74.8 69.2

5 37.0 56.4 - -

VADAs= vertebral artery dissecting aneurysms; RR= reduction rate; IT= initial treatment; RT= retreatment.
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