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“Advances in simulating clinical conditions outside of the clinic”

Mark Fillinger



This was the title that was assigned to me in part surrounding this issue of finite element analysis. So that's, I guess, why we moved it up to this segment.  Since it's about that, might as well talk about it before this segment of testing.  



You can go ahead and do the next slide.



Obviously, in simulating the clinical conditions, there are several different ways to do it, which we have already talked about a lot, and you have seen slides about some of these, and we've talked a lot about these.  



Obviously, animal models are not very similar to humans in a lot of important ways, rarely simulate failures.  The bench and in vitro testing or bench models are often unrealistic but can simulate some of the failures.  But there are, obviously, a lot of problems with those as well that, again, we have already talked about a lot.



Computer models are not perfect either.  They are data intensive.  They need validation, but they also can simulate failures and can be very useful.  



I just wanted to go along with kind of an analogy to -- well, first is regular engineering terms.  In terms of building airplanes and that sort of thing, there used to be extensive work in wind tunnel testing and building small models and that sort of thing, and more and more, as time goes on, airplanes are more and more designed on a computer first and then built to life size scales rather than going through extensive bench testing and that sort of thing, because the loads are much better known, and the outcomes are much better known, the stresses involved and that sort of thing.



In the first airplanes when they had pressurized cabins, they blew up.  The first suspension bridges, when they were built, they failed, because we didn't know the loads well.  That's kind of where we are with endografts.



For an analogy with AAA, rupture risk is a similar sort of thing.  It's a failure mode, and we actually are talking about aneurysms, although not endografts.  But since this is a specific project that I've worked on, I wanted to kind of very briefly run through how finite element analysis works, just for AAA rupture risk.



You can go to the next slide.  I don't need to give you the whole talk on this.



Right now, the way we kind of look at AAA rupture risk is kind of a very simplified view where we look at an aneurysm as a simple cylinder or sphere of a uniform shape and, you know, a cylinder and sphere of the same diameter don't have the same stresses, and it is ridiculous to think that all aneurysms, as we've talked about -- they are all different shapes and that sort of thing.



You know, the asymmetry and tortuosity would suggest that the stress should not be the same on all aneurysms either.  Next slide.



Obviously, it's not a simple thing to estimate mechanical wall stress on an aneurysm.  This is a very complex mathematical engineering problem.  Next slide.



Finite element analysis or finite element modeling basically takes a complex geometric structure and divides it into discrete elements with well defined loads and boundaries.  



What that allows then is to set up equations for each element so that a computer can then iteratively solve thousands upon thousands of equations and come up with a solution.  Obviously, humans can't do that.  It's just too complex a thing, but computers are very good at doing things like this.



This sort of technique has been applied to multiple different engineering problems with success.  It takes a long time.  It's not easy to do, but it can be done, and it's been applied to theoretical aneurysm shapes for many years, but only recently was it applied to actual human aneurysms by the kind of seminal work of Wort and Ragoman.



With the help of M.L. Ragoman or Modivan Lachschmeer Ragoman, depending on how you -- if you look in the literature, it's M.L. Ragovan.  We brought him to Dartmouth and kind of have worked on improving the model and modifying it to make it a little more clinically useful.  Next slide.



Basically, what this involves is taking a -- whether it's us or the University of Pittsburgh with Dr. Wort is taking the computed tomography scan outlining the elements of the aneurysm itself --  Next slide -- and translating that into a 3-D model.  You've seen me standing up here for -- well, not up here but in the different places for now many years, talking about the 3-D reconstructions.



What we've done is taken our usual 3-D model and truncate it to the important elements of the aneurysm, merge it into a shape that includes basically the outer boundaries of the aneurysm.  Next slide.



We then create the finite element mesh and refine that through multiple iterative steps which are now semi-automated.  Next slide.



That comes up with a stress result.  This project that we've worked on, just to kind of bring some practicality or clinical application into it, we've looked now at CT scans from by far the largest series of aneurysms with this sort of analysis, 48 patients, including 30 that were large enough for elective repair, and eight that had urgent surgery for symptoms, and ten that had emergency surgery for rupture.



The CT scans, at the time they were obtained, in 13 of the 18 patients that had symptoms of rupture were actually obtained while they were asymptomatic.  So prior to the point of the catastrophic failure, which is kind of getting back to talking about endografts, and what we are trying to avoid is obviously the catastrophic failure mode.



For these, the blood pressure data was obtained from clinic visits or hospital data, and we used a -- for the engineers in the audience, rather than a linearized elastic model, we used a hyper-elastic nonlinear model, a two-parameter finite strain model which is more applicable to biological conditions, obviously.



This was based on tissue testing that was done, actually, at the University of Pittsburgh.  The results, obviously, are shown here, and they look something like this.  We've now included the aortic bifurcation into the model, which wasn't done previously.



What you get is a map of the stresses on the three-dimensional surface of the aneurysm wall, with the highest stresses shown in red and the lowest stresses shown in blue.  What you see immediately are a couple of things.



Obviously, there are focal concentrations of stress, but those concentrations aren't at the maximum diameter but, rather, on the posterior lateral wall, which is actually where ruptures occur clinically.  



Most aneurysms actually have their highest stress point in the posterior lateral wall.  Some actually have them anteriorly, but most don't.  Most have them like the aneurysm you see here.



Another point of kind of reference for this:  The maximum stress over in the legend on the right sows that this aneurysm -- I think we analyzed this at just a uniform pressure of 120 millimeters of mercury, but the stress here is 37.4 newtons per centimeters squared.  



That doesn't mean much to most anybody here, but in kind of appropriate for this discussion of shear stress and that sort of thing, a newton per centimeter squared is about 105 dynes per centimeter squared, and the typical shear stress in an aorta is on the order of 10 dynes per centimeter squared.



So this is 37.4 times 105 dynes per centimeter squared, as far as the tensile stress on the wall for the peak stress.  So this is -- It's a large orders of magnitude greater than the stress -- and a typical aortic wall has a stress on the order of 10-12 newtons per centimeter squared. So still orders of magnitude higher than the shear stresses that the aneurysm experiences.  Next slide.



If you look at two aneurysms at -- and this is just to eliminate the issues of blood pressure.  We just analyzed these two aneurysms at a uniform blood pressure. We'll say assume the patients had the same blood pressure.  Here's an aneurysm of 4.8 centimeters on the top, and one at 6.7 centimeters on the bottom.  The stress is actually about the same in these two aneurysms.



So in this 4.8 centimeter aneurysm, unfortunately, it was a patient who was seen in clinic.  He's a morbidly obese person with many previous surgeries, and we said, well, you know, you are not at high risk for rupture, which is certainly what anyone would say at this size, and your risk for surgery is much higher than your risk of rupture, and a month later he ruptured, because he had a stress -- at least we believe because he had a stress that was similar to a 6.7 centimeter aneurysm.  Next slide.



If you then look at this over the entire series, again the symptomatic and rupture patients had a significantly higher peak wall stress than the electively repaired.  So these are -- The elective repair group are aneurysms that were felt to be big enough to merit elective repair.  Next slide.



That was their systolic blood pressure, here just eliminating differences in blood pressure between the groups.  We just analyzed them all at 120 millimeters of mercury, again at significantly higher in the symptomatic and ruptured patients, indicating basically these differences in stress can only be due to shape.  Next slide.



So you say, okay, well, what about if you would look at just the diameter alone and just match them for diameter.  Still, the ruptured and symptomatic patients have a higher peak wall stress, significantly higher, than the patients that had elective repair.  And a lot of these patients that became ruptured or symptomatic weren't repaired, because they were either felt to be not at high risk  for rupture or too high a risk for surgery, which kind of again brings us back to why endograft repair is important in some of these high risk patients.  Next slide.



Just comparing it with other kind of traditional indices, basically the only thing that was significantly different from elective or ruptured or symptomatic patients was the peak wall stress analyzed by this method with identical diameters, obviously, in the diameter master controls.  Next slide.



So basically, we think this is a promising method, and I won't get into more than that.  This next slide showed knowledge which was supported by the NIH and NHLBI, since we are very close to those institutions, in case anybody is here from those.



I think this analogy holds well for endovascular aneurysm repair.  Next slide.



Because traditionally when we drop the diagrams and, you know, years ago when we were making the plastic models and even still when we look at some of the models that we are using for bench testing and that sort of thing, we draw the diagrams in this nice, beautiful, straight aneurysm in a two-dimensional sort of thing, and think of it in two-dimensional sorts of ways.  Next slide.



Even our measurement sheets which are very complex and have lots and lots of measurements kind of belie the fact that we tend to think of this in a two-dimensional sort of way.  Next slide.



Our traditional measurement techniques and imaging modalities, for a number of different reasons, have traditionally been two-dimensional.  Next slide.



But perhaps they should be more three-dimensional and include things like this, where you don't just see the calcified plaque in a cross-section, but you can see it in its true three-dimensional sort of state, and you can see that the image on the righthand side of there transmits to you immediately far more information to you than a single 2-D slice.  Next slide.



Same thing for extent of aneurysm. Next slide.  Next slide.



Obviously, there is a lot more information conveyed, but even early experience with spiral CT and volumetric data acquisition over the entire volume of the aneurysm still involved up in the -- A there is a maximum intensity projection, and that's a projection of the maximum intensity along a given line from the CT data, but it's a 2-D projection of a 3-D structure.



The surface shade of display in B is definitely better, but is based on basically a single threshold for density and making it all one uniform structure, which doesn't show you all the calcification which is, obviously, demonstrated in the MIP image in A.



Then the surface shade of display with multiple objects are shown in C and D there, where you can look at those or choose to eliminate them from the model.  Next slide.



You've already seen this.  We've been talking about this now for several years, but it's finally become kind of a widely accepted sort of way of looking at diameters and so forth.  Next slide.



Same thing for length measurements.  Next slide.



The reason that we can do all this is because this is really more akin to computerated design than it is specifically to imaging itself.  You can see on the right, again, the kind of -- This is not the mesh that I showed you earlier.  This is a cruder sort of mesh used just for the surface shaded display, but conveys the fact that, basically, we have all this information for every one of these three-dimensional reconstructions that my center and now many others are doing.  Next slide.



We successfully used this to do simulation of the graft path, the start and endpoints, how the graft is going to be tilted in the aneurysm neck, the path that it's going to take, and the endpoints that it is going to have, and the sites of fixation are generally pretty accurate from what we simulate preoperatively to what actually happens.  Next slide.



You can see up on the top series that the three reconstruction self is true to the angiographic view that we obtained at the time of the operation and on the bottom row that the simulation of the graft path with the curvature to the right and the endpoints, although you can't really see those very well even from here, basically are accurate on essentially every case.  They are within five millimeters of the endpoints basically every time.  Next slide.



More importantly than just simulating what is going to happen during the operation is also the data that we have -- the anatomical data that we have over time, and we've talked a lot about that.  What's happening?



Here just looking at the aneurysm shape itself, you can see that in B there, there is an endoleak just from the IMA, which is there in pink.  And you can see that the maximum diameter hasn't changed, but the margins between the neck and the maximum diameter have changed.



So the stresses are somehow different on this aneurysm after the endograft is in place than they were before, and that may have implications for dilatation of the neck where the fixation zone is for the endograft.  But over time as the type 2 endoleak spontaneously seals, the aneurysm ultimately shrinks, but you can see that that it is bowed more on the right, and I didn't include a slide with just the endograft itself, but it's bowed more now in D a year and a half or two years later than it was when it was initially placed.  Next slide.



In terms of analyzing failures and that sort of thing, we also have a lot of data that we have access to that we've only touched the surface of in terms of analyzing where the endoleaks are, why they occur, where -- Someone is showing you the endoleak there on the 2-D and on the 3-D image there in the magenta color, with the CT slice dropped into it, again conveying a lot more information than you get just from a single 2-D image.  Next slide.



Also I thank the Medtronic investigators group for supplying me with this slide.  But you can also see basically consequences of here's insufficient oversizing.  This isn't a graft problem.  This is a patient selection problem, but you can see the deformation that occurs on this.



I just show this because this was a dramatic example.  Obviously, the typical graft is not going to undergo deformation like this.  But we have information on deformation that occurs just, you know, again just form my own institution alone on multiple different endograft types over a long period of time.



I know that multiple manufacturers are already using that data to analyze what sorts of stresses are placed on the graft.  Next slide.



So basically, what can we do with this?  I think, you know, we can use this just like we used it for the finite element modeling of an aneurysm alone.  It is far more complex to do finite element modeling for an endograft inside an aneurysm.  



You know, it's almost another order of magnitude in complexity, but I think it can be done.  It is being done, and it's not perfect, but it can get better over time, just like simulating aircraft and other things.



Ultimately, I think it has a lot of promise for designing endografts in the future, whether it's defining the pre-implant anatomy even for the bench testing that we do, whether it's demonstrating the interactions between the stent  graft and the vessel wall initially after implant and over time, and demonstrating those deformations and strain is that we are all talking about, the strain obviously being crucial to designing what the endograft has to be able to tolerate, so that we can develop a finite element model of the aneurysm and the stent graft that ultimately may make testing simpler.



It is not going to eliminate other forms of testing, because, obviously, you have to validate your finite element model, but nonetheless, I think it's going to be a very useful technique for the future, and I think now we are going to talk about it.



Thanks.

