
r 

AppendixD - UNIVERSITY HONORS PROGRAM 
SENIOR PROJECT - APPROVAL 

Name: 
William J. Jenkins 

College: Engineering Department: Mech., Aero., and Bio. Engr. 

I have reviewed this completed senior honors thesis with this student and certify 
that it is a project commensurate with honors level undergraduate research in this 
field. 

Signed: Faculty Mentor 

Date: jJ~&7_1~2~~2~,-___ -
Comments (Optional): 

27 



May 6,2002 

Dr. Broadhead, 

Bill did an excellent job on his honors project. Last summer he was in the Energy Research 
Undergraduate Laboratory Fellowship program at ORNL under my supervision. During this 
time, Bill worked on an idealized mode of the Abdominal Aortic Aneurysm (AAA). During the 
fall and spring semesters, Bill continued with the project and worked with Dr. John Pacanowski, 
M.D., a research Vascular Fellow at UTMCK, to develop numerical models of Dr. Pacanowski's 
physical experiments of endotension in synthetically created canine AAAs. Bill also attended 
weekly research meetings with the UTMCK Vascular Surgery team overseeing the research. 
Recently, Bill gave an impromptu demonstration of his work to visiting biomedical engineer Dr. 
Richard Komistek, President and Executive Director, of the Rocky Mountain Musculoskeletal 
Research Lab. Dr. Komistek was very impressed and commented that Bill's work was what he 
would have expected from a M.S.E. student rather than an undergraduate. 

Sincerely, 

Kara L. Kruse 



Endotension Distribution in Finite Element Models of Abdontinal 
Aortic Aneurysm Following Endovascular Exclusion 

William J . Jenkins 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA 
The University of Tennessee Medical Center, Knoxville, Tennessee, USA 

Completed for the University of Tennessee Honors Program Senior Project under the 
supervision ofKara L. Kruse, M.S.E. 

Correspondence: Kara L. Kruse, M.S.E. Division of Computational Sciences & 
Engineering, Oak Ridge National Laboratory, P.O. Box 2008 MS6418, Oak Ridge, TN 
37831-6418, lcrusekl@oml.gov, (865) 574-5154. 



Abstract 

Purpose: Endotension has been implicated in complications following the endovascular 
repair of abdominal aortic aneurysm (AAA) such as continued AAA expansion and 
rupture, proximal aneurysm neck dilation, and endovascular graft migration. To begin to 
evaluate the role of endotension in the mechanisms of post-repair problems, the 
magnitude and distribution of endotension in an excluded aneurysm must be understood. 
The purpose of this study is to determine how endotension is distributed throughout 
excluded aneurysms without endoleak. 
Methods: Computational models of AAA were constructed using CT data of three 
experimental AAA models created from canine aortic tissue. Finite element analysis was 
used to simulate blood pressure loading and compute the resulting mechanical stress 
throughout the aneurysm. The computed stress patterns were used to evaluate how 
endotension is distributed throughout the aneurysm. Comparison of results between the 
computational and experimental models was made possible through simulating the 
experimental models with the computational models. 
Results: Peak arterial wall stresses occurred at the ends of the aneurysm where the wall 
was in close proximity to the endograft. Conversely, the lowest wall stresses were 
computed at the bulge of the aneurysm where the wall was farthest from the graft. Peak 
aneurysm sac (AS) stresses were higher near the endograft than at the wall. The lowest 
AS stresses occurred near the wall at the bulge of the aneurysm. Peak endograft stresses 
occurred at regions on the graft corresponding to the bulge of the aneurysm where the 
wall was farthest away. The lowest endograft stresses were computed at the ends of the 
endograft where the wall and graft were in close proximity. 
Conclusions: Endotension is a real phenomenon that occurs in absence of endoleak. 
Endotension in the aneurysm sac and wall is not uniformly distributed and attenuates 
with distance from the endograft. Conversely, endotension in the endograft is lowest 
where the wall is in close proximity. These results and conclusions complemented those 
of the experimental study of endotension. 



Introduction 

Commonly, AAAs are treated with minimally invasive endovascular repair to 
prevent rupture. The procedure involves inlplanting a stented vascular graft at the 
location of the aneurysm via catheterization from the femoral arteries. The purpose of 
the endovascular graft is to exclude the aneurysm sas (AS) from circulation resulting in 
the reduction of the pressure load on the aneurysm wall. By reducing the pressure load, 
the tension in the wall is reduced. However, despite endovascular repair, rupture remains 
a concern. One study showed that the majority of post-operative AAAs either had no 
change in diameter or an increase in diameter within three months or more. 1 It is the 
reduction in diameter of an AAA that is thought to indicate the reduction of tension2 and, 
in turn, the stress in the wall. In either case, the potential for rupture remains. 

One factor that has been implicated in post-repair aneurysm expansion and 
rupture is endotension, the persistent pressurization of an aneurysm sac despite 
endovascular exclusion. Correlations between endotension without endoleak and 
continued AAA expansion and rupture3

,4,5, proximal aneurysm neck dilation3
,6, and 

endograft migration? have been proposed. However, little is understood about the 
magnitude of endotension or how endotension is distributed throughout the excluded 
aneurysm. Before the relationships between endotension and mechanisms of continued 
AAA expansion, neck dilation, and endograft migration can be understood, the 
magnitude and distribution of endotension in post-repair AAAs must be characterized. 

To determine the distribution of endotension without endoleak, a combined study 
was performed using both experimental and computational models of post-endovascular 
AAA repair. In the experimental models, artificial aneurysms were created from canine 
aortic tissue, subjected to blood flow, placed on a pulsatile pump system, and excluded 
with an endovascular graft.8 Endotension distribution was studied by measuring pressure 
with a strain gauge in the aneurysm sac at various locations with several different 
consistencies of the AS contents such as unclotted blood, fresh thrombus, and fibrin 
thrombus. 

The experimental models were reconstructed on computer using CT images. 
Endotension distribution was studied by using the finite element (FE) method to simulate 
blood pressure loading and compute the resulting mechanical stress throughout the 
aneurysm. The stress patterns found in the aneurysm were used to evaluate how 
endotension is distributed. An assumption of this study is that endotension can be 
described by mechanical stress. 

The experimental and computational studies were designed to allow comparison 
of their results and conclusions. The purpose of combining these experiments is to utilize 
the advantages of both of their methods. The experimental aneurysms are a more 
realistic model of human AAAs having biologic tissues, an endovascular graft, pulsatile 
blood flow, etc. However, endotension can be measured only at a few specific points in 
the aneurysm sac. Further, the manner in which endotension is transmitted to the wall 
cannot be directly described from AS measurements. Conversely, the finite element 
method computes mechanical stress at all locations in the model (wall, AS, and 
endograft). Thus, the entire picture of endotension throughout the aneurysm is seen. 
However, there are many simplifications to the experimental models, such as static 
pressure loading and linear tissue elasticity, that are made to create FE models that can be 



analyzed and have obtainable solutions. Thus, the computational models provide more 
information on the distribution of endotension, but a higher confidence in the results is 
attained for the experimental models because of its fewer number of simplifications. The 
results and conclusions of the experimental model have been published8, and this article 
reports the findings of the computational study. 

Method 

Finite element (FE) models of AAA were generated from CT scans of three 
artificial aneurysms created from canine aortic tissue in the associated experimental 
study.8 These artificial aneurysms were studied after excluding the aneurysm sac (AS) 
with an endovascular graft, allowing the blood in the AS to thrombose, and subjecting the 
model to a pulsatile blood flow system. The first step in creating the FE models was to 
define the luminal and wall boundaries in each CT image using commercially available 
image segmentation software (SURFdriver 3.5, Moody & Lozanoft). Lumen and wall 
contours initially were defined by a series of points every 3-5 mm along the lumen or 
wall boundary in a CT image. Wall contours were defined for every three to four images 
resulting in an axial resolution of3-4 mm. Further, 3-4 mm separated the images 
containing the wall contours. Because of the simpler geometry of the endograft, lumen 
contours were defined every five to seven images with a corresponding axial resolution 
of5-7 mm. 

The points defining the wall and lumen contours were imported into another 
software package (MSC.Patran 2001), and a 4-parameter, uniform Bspline smoothing 
algorithm was used to create new curves defining the wall and lumen contours that were 
continuous on the first and second derivatives. Next, AAA wall and lumen surfaces were 
generated from an algorithm that interpolated between the contours in the axial direction. 
This algorithm maintained the second order continuity of the AAA surface %eometry, a 
property shown to be important in this type of AAA finite element analysis. The 3-D 
solid representing the AS contents was defined using the wall and lumen surfaces, which 
make up its bounding surfaces. 

Having recreated the geometry of the artificial AAA, the material properties of 
the wall, endograft, and AS contents were defined. All three materials were assumed to 
be linearly elastic, homogenous, incompressible, and isotropic. Because the elastic 
properties of canine and human aortic tissue are similar, an eXRerimentally determined 
value for the elastic modulus of human aortic tissue, 5 MPa10

, I, was used to define the 
elasticity of the wall. An experimentally determined value for organized intraluminal 
thrombus, 0.2 MPa12

, was used to define the elastic modulus for the AS contents 
(assumed to be thrombosed). Properties for the stent-graft were not readily available. An 
approximate value of 5 MPa for the elastic modulus was used, which is similar to the 
stiffness of abdominal aortic wall tissue and of polytetraflouroethylene (PTFE) vascular 
grafts. 13 The other material property definition used for the wall, endograft, and AS 
contents was Poisson's ratio. Instead of using 0.5 for Poisson's ratio for complete 
incompressibility, 0.49 was used to decrease computational time without significant 
changes to the numerical solution. 

Because AAAs have a complex shape, the finite element method (FEM) was used 
in computing the stress/strain in the AAA wall, AS, and endograft. The FEM involves 
breaking the complete, continuous geometry into many smaller geometric elements. In 



this study the elements were either triangular (2-D) or tetrahedral (3-D). Further, each 
element is defined simply by a set of points, or nodes. Together, the elements and nodes 
make up a mesh. The mesh for each case study of the AAA model was generated with 
the same software (Patran 2001) used in creating the geometry. Depending on the AAA 
case being studied, the number of elements ranged from 11,000 to 14,000. 

The FEM computations were performed using ABAQUS ver. 6.1-1 (Hibbit, 
Karlsson and Sorensen, Inc., Pawtucket, RI). After importing the mesh into ABAQUS, 
the element types were specified. The two-dimensional, shell element type, S3R, was 
used for both the wall and endograft. S3R elements have 3 nodes with reduced­
integration and 5 section points defining its thickness. Shell elements were used for the 
wall and endograft because their thickness was small in comparison to their diameters. 
The three-dimensional element, 3D4H, was used for the solid AS contents. 3D4H 
elements have 4 nodes with hybrid formulation. 
Having defined the elements, the elements were given their appropriate material 
properties as stated above. 

Next, the boundary conditions were defined. All nodes located on the ends of the 
AAA model were constrained from displacing in the longitudinal direction to simulate 
the experimental setup where the ends of the artificial AAA were fixed. A "no-slip" 
condition between the wall, AS contents, and endograft was assumed such that the 
surfaces of differing materials could not slide against each other. A normal peak systolic 
pressure of 120 mm Hg (16 kPa) was applied to the luminal surface. The solution 
procedure used a static analysis that accounted for the AAA's nonlinear geometry while 
gradually applying the pressure load for more accurate results. Shear stresses due to 
flowing blood were considered negligible because their magnitudes have been shown to 
be very small in comparison to stress due to the pressure load. 14 The outer surface of the 
AAA model was assumed to be load free. The effects of residual stresses were not 
studied nor included into the load conditions. The computational results are displayed in 
von Mises stress for each case. Von Mises stress accounts for the three principal stresses 
in a given solid and is a commonly used predictor of material failure. 

Results 

In the finite element AAA models, the highest stresses occurred at regions in the 
endograft where the aneurysm wall was furthest away from the endograft (see figs. 4-6). 
Peak endograft stresses were 112.1, 134.4, and 131.8 kPa for canine models one, two, 
and three, respectively. The lowest stresses in the endografts occurred at the ends of the 
aneurysm where the endograft and wall are in close proximity. Minimum endograft 
stresses were 34.9, 45.1, and 43.7 kPa for canine models one, two, and three, 
respectively. 

The highest stresses in the aneurysm walls occurred at or near the ends of the 
aneurysm where the wall and endograft converge (figs. 1-3). Peak wall stresses were 
52.0, 48.8, and 64.6 kPa for models one, two, and three, respectively. The lowest wall 
stresses occurred at the bulge of the aneurysm. Minimum wall stresses were 7.1, 2.1, and 
3.4 kPa for models one, two, and three, respectively. For the aneurysm wall, stress 
appears to be inversely proportional to distance from the endograft. (Note that the 
anterior side is relatively close to the endograft, and the right and left sides are the bulges 



of the aneurysms in the canine models). An interesting situation occurred in the third 
canine model due to the curvature of the endograft. The curvature caused the bulge at the 
left side to be closer to the endograft and, conversely, caused the right side bulge to be 
further away (figs. 7-8). Having the endograft in closer proximity, the stresses in the left 
side bulge were overall higher than in the right side bulge, which was further away from 
the endograft. 

Overall, the stresses were lowest in the aneurysm sac compared to the endograft 
and wall (figs. 9-11). The highest AS stresses occurred at or near the endograft surfaces. 
Peak AS stresses were 7, 5, and 5 kPa for models one, two, and three, respectively. The 
lowest AS stresses occurred at or near the wall surfaces. Minimum AS stresses were 0.7, 
0.5, and 0.5 kPa for models one, two, and three, respectively. The greatest reduction in 
stress in the AS occurred at the wall surface of the bulge of the aneurysm. As with the 
aneurysm wall, AS stress appears to be inversely proportional to distance from the 
endograft. 

Figures 
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.Fig. 4: Dog 1 endograft (anterior) 
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Fig. 7: Dog 3 wall (right side) 
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Fig. 5: Dog 2 endograft (anterior) 
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Fig. 8: Dog 3 endograft (left side) 

Fig. 9: Dog 1 AS cross-section 
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Discussion 

Fig. 10: Dog 2 AS cross-section 

Fig. 11: Dog 3 AS cross-section 

The results of this study indicate that endotension is a real phenomenon and does 
not require the presence of endoleak. Supporting evidence for this argument comes from 
the fact that significant levels of stress were computed for the aneurysm walls in all of the 
FE models, none of which had endoleak. The magnitude of endotension computed is 
highly dependent on the material property definitions (i.e. elasticity) of the wall, AS, and 
endograft. Because the elastic moduli used were rough approximations, this study cannot 
quantify the magnitude of endotension. 

Another finding of this study is that endotension in the aneurysm sac is not 
uniformly distributed but, instead, is dependent on distance from the endograft. As seen 
in figures 9-11 , stress is highest near the endograft and attenuates with distance from the 
graft. This result makes sense because the excluded aneurysm is a pressure vessel, 
which, for simple geometries, have closed-form equations quantifying the decrease in 
stress as a function of radial distance across the thickness of the vessel membrane.15 The 



attenuation of AS stress in this study relies on the assumption that the AS contents are 
solid and capable of resisting the deformation of the endograft. The effects of a thrombus 
that did not completely surround the AS circumferentially were not studied. However, if 
AS contents are fluid in nature, the AS would not be able to resist the deformation of the 
endograft. Further, the sac fluid would transmit the load to the wall resulting from graft 
deformation instead of attenuating the load. 

Like the sac, aneurysm wall tension also was found to be dependent on distance 
from the endograft. The highest stresses occurred near the ends of the aneurysms where 
the wall and endograft were in close proximity. Conversely, the lowest wall stresses 
occurred at the bulge of the aneurysm where the wall was farthest away from the 
endograft. Further support of this argument comes from the overall higher stresses seen 
at the left side bulge of the third FE model (fig. 8) than the right side bulge (fig. 9) where 
the curvature of the endograft caused the right side to be farther from the endograft than 
the left side. The dependence of wall stress on distance from the endograft is a result of 
the cushioning effect of the solid AS contents. This relationship might be a factor in 
post-repair neck dilation because it predicts that the aneurysm wall will be subjected to 
the greatest stress, or endotension, at the ends of the aneurysm sac. 

Additionally, the stress distributions of the endografts were studied. Endograft 
stress had the opposite relationship between stress and distance than that of the aneurysm 
wall. Instead, the highest endograft stresses occurred where the wall was farthest away 
from the endograft. Thus, the endograft stresses were highest where the aneurysm 
bulged, an effect caused by the lack of a stiff material (Le. the wall) in proximity to the 
endograft that could bear sonle of the load. Conversely, the lowest endograft stresses 
occurred at the ends of the aneurysm sac where the wall was in close proximity to the 
endograft. We hypothesize that endograft stresses were lowest at the ends due to the 
proximity of the wall allowing the pressure load to be shared by both the endograft and 
wall. 

As stated previously, this computational study was performed in conjunction with 
an experimental study8 on endotension distribution using artificial aneurysms created 
from canine aortic tissue, which had been excluded with an endograft. (The numerical 
results of the experimental study are not detailed in this article). The primary goal of 
performing the computational and experimental studies in conjunction was to allow for 
the comparison of conclusions. Using strain transducers, the experimental study 
measured significant levels of pressure in the aneursym sac, regardless of the nature of 
the AS contents. This finding is further evidence that endotension is a real phenomenon, 
as the excluded artificial aneurysms had no radiographic signs of endoleak, and supports 
the same conclusion drawn from the results from the FE analysis. Another finding of 
both studies was that endotension was not uniformly distributed throughout the aneurysm 
sac as evident from the variance in experimental pressure measurements at differing AS 
locations and the AS stress patterns computed by the FE models. Further, both studies 
determined AS endotension to be higher near the endograft and lower near the wall for an 
AS composed of blood thrombus in the experimental study and organized intraluminal 
-thrombus in the computational study. Thus, both studies conclude that thrombus reduces 
pressure transmission to the aneurysm wall. Additionally, the experimental study 
provided results and conclusions for an aneurysm sac filled with unclotted blood, but this 
scenario was not studied in the computational study. 



Qualitative comparisons between the experimental and computational studies 
were not performed because the mechanical properties of the canine artificial aneurysms 
were not available. Thus, the properties used in the computational studies were rough 
approximations. Further, the FE models used properties of organized intraluminal 
thrombus for the AS, which are different than the properties of the experimental AS 
consistencies. Additionally, the stent of the endograft caused enough distortion in the CT 
images to make it difficult to reconstruct the aneurysm geometry on the computer with 
great accuracy. Another difficulty in comparing the studies is that pressure and stress are 
not equivalent mathematical expressions. It was assumed that higher levels of measured 
pressure or calculated stress indicate higher levels of endotension. However, enough 
similarity between the two studies exists such that the conclusions of one were able to 
support or refute the conclusions of the other. 

There are a number of limitations of this study due to the assumptions made in the 
computational models. First, the wall and intraluminal thrombus were assumed to be 
linearly elastic values but, in reality, have nonlinear stress-strain curves. It is expected 
that by using linear elastic values that the magnitude of the stress distributions is not 
accurately predicted but their patterns are accurately predicted. Thus, use of linear elastic 
values is acceptable for this study because the study does not attempt to make 
quantitative conclusions. Also, the accuracy of assuming that the AAA wall tissue is 
homogenous, incompressible, and isotropic has not been evaluated experimentally.16 
Additionally, residual stresses have been shown to potentially result in a significant effect 
on the wall stresses in nonaneurismal arterial tissue. 17 The presence of residual stresses, 
which were neglected in this study, in AAA tissue also might affect the stress distribution 
in AAAs. Another possible source of error could be due to the uniform wall thickness in 
our FE models. This study did not exanline the effects of the varying wall thickness 
observed in real AAA geometries. Instead of using a static, constant pressure analysis, a 
dynamic analysis with pulsatile pressure would be more realistic and might give different 
results for the stress distributions. Also, the appropriateness of using von Mises stress as 
a descriptor for endotension has not been determined. Another potential source of error 
was the mesh used for the AS. Near the ends of the FE models, the AS mesh elements 
were highly skewed, which could have caused numerical inaccuracies at the ends. 
Additionally, a small number of elements throughout the AS mesh were distorted and 
could have caused localized stress concentrations. 

Future Work. U sing the same computational models of this study, more 
comparable conclusions to the experimental study can be made by studying the effects of 
varying blood pressure and varying the consistency of the aneurysm sac contents (e.g. 
unclotted blood, fresh thrombus). Further, using pulsatile pressure loading (instead of 
static) and experimentally determined constitutive equations for tissue elasticities might 
provide a sufficiently realistic computational model by which to quantify the magnitude 
of endotension. An interesting challenge would be to create another combined 
experimental/computational study that achieved comparable numerical results (i.e. 
strain/pressure measurements and computed strain or stress). Such an accomplishment 
would establish an even greater confidence in their results and conclusions. A possible 
avenue to overcome the difficulty in comparing numerical and experimental models 
would be to simplify the materials used in the experimental aneurysms. This could be 



achieved by using synthetic materials for the aneurysm wall and AS, whose properties 
could be easily determined. 
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