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Abstract—Aurterial aneurysms are in a pre-deformed state in
vivo under non-zero pressure. The ability to determine their zero
pressure geometry may help in improving accuracy of determi-
nation of stress distribution and reverse estimation of material
properties from dynamic imaging data. An approximate method
to recover the zero pressure geometry of the AAA is proposed.
This method is motivated by the observation that the patterns in
displacement field for a given AAA are strikingly consistent in
an AAA under all physiological pressures. The basic principle
is to leverage this observation to iteratively identify the geometry
that when subjected to the in vivo pressure, will recover the
geometry reconstructed from in vivo imaging. The methodology
is demonstrated and validated using patient-specific AAA models.
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INTRODUCTION

Estimation of stress distribution in patient-specific mod-
els of aortic and cerebral aneurysms has been proposed as
a potentially useful indicator of rupture risk.'~” Reports on
such stress analysis use geometry reconstructed from se-
rial section diagnostic images of the aneurysms in their in
vivo state. The reconstructed AAA wall surface is assumed
to be stress free and subjected to uniform systolic pressure
to determine the stress distribution. However in their in vivo
state, aneurysms are not stress-free even if we ignore resid-
ual stress. Preferably, the zero-pressure configuration of the
aneurysm must first be recovered and then the boundary
conditions applied. Further, the advent of dynamic mag-
netic resonance imaging (dIMRI) and gated computed to-
mography (gated-CT) offers the hope of patient-specific
estimations of elastic properties. Alternatively, if the elas-
tic properties are known to be reliable, temporal imaging
data may be used for validation of the FE modeling. But
for accomplishing such endeavors, the ability to recover
the zero pressure configurations is indispensable. Here, we
report on a methodology for approximately recovering the
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zero-pressure configuration of an aneurysm using geometry
reconstructed from in vivo imaging.

Our goal is to use the in vivo aneurysm geometry (Xin,)
and luminal pressure (Pj,) at the time of imaging to re-
cover the zero-pressure geometry (Xy). In structures where
residual stress is negligible and where the shape—not
size—remains unchanged under deformation, this is quite
straightforward even if its material is characterized by finite
elastic models. Consider the case of a cell membrane under
pressure, Pi;, whose known Xj,, and unknown X, are spher-
ical. Both configurations can be fully described using a sin-
gle variable, their radii—ryy, and r¢. Clearly, ry is the radius
of the sphere which when subjected to Pj,, will result in a
deformed radius equal to . 7 is easily determined by iter-
atively subjecting spheres of different radii to pressure, Py
until the difference between the computed deformed radius
and the known deformed radius (i) vanishes. This prob-
lem is solvable because the minimization process involved
the estimation of just one variable, ry. But what of struc-
tures whose geometry is not idealized and/or whose shape
may change under deformations, such as patient-specific
aneurysms? The above approach will not work because the
geometry can only be described in a discretized form using
numerous variables (3 x number of nodes) thus rendering
the minimization problem intractable. However, we believe
that the minimization problem is in fact solvable if we make
some reasonable assumptions. Observations in this study
suggest that there exists an underlying consistency in the
deformation field of an arbitrarily shaped aneurysm wall
irrespective of pressure applied. In this report, we describe
this observation and leverage it to reduce the minimization
problem to the estimation of just one variable allowing us to
recover the zero-pressure configuration with a reasonable
degree of accuracy.

METHODS

A human abdominal aortic aneurysm (AAA) wall sur-
face reconstructed from CT data® and described by trian-
gular elements (2048 nodes and 4054 elements) was used
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FIGURE 1. The variation in deformed lumen volume (V), sur-
face averaged displacement magnitude (Umean) and peak dis-
placement magnitude (Umnax) with pressure.

for demonstration of our observations on the nature of de-
formation field and validation of proposed methodology.

Observations on the Consistency of the Deformation Field

For purposes of demonstration alone, the reconstructed
AAA wall surface was assumed to be truly at zero pres-
sure. A previously reported isotropic finite elastic material
model with population mean material parameters’ was used
to describe elastic behavior. The nodes at the proximal aorta
and distal iliac artery edges were constrained from displace-
ment in all directions. Using the finite element (FE) method
in ABAQUS, the AAA wall was individually subjected to
quasi-static pressures from 20 through 200 mmHg (incre-
ments of 20 mmHg) and the resulting displacement field for
each increment of pressure determined as reported earlier.’
Figure 1 shows the variation in deformed lumen volume,
surface averaged displacement magnitude and peak dis-
placement magnitude with pressure. All values reported in
this report are for the mid-surface within the shell thick-
ness. As should be expected, the AAA becomes progres-
sively less compliant with increasing pressure. Interestingly
however, the pattern of displacement magnitude and the di-
rection of the displacement vector changes little between
different pressures. To study this quantitatively, the normal-
ized displacement magnitude field (U,) was calculated. For
a given node, the normalized displacement magnitude U,
is given by

U, = U/Umax

where, U is the computed displacement magnitude at the
node and Upy,x, the maximum U of all nodes in the AAA
model for a given pressure. U, varies from O to 1. Figure 2
demonstrates the remarkable similarity in U, induced by
pressures of 20, 60, 120 and 200 mmHg in. Further, there
is little change in the direction of the displacement vector

p=60 mmHg
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FIGURE 2. Distribution of normalized displacement magni-
tude, U,. Note that significant increase in luminal pressure
causes minimal change in U, distribution. All images are to
scale.

within the range of pressures applied. That is, the entire path
of each node in the AAA surface under pressures ranging
from O through 200 mmHg may be reliably approximated
by straight line. Parametric straight line fits (i.e., x-position
vs. arc length; y-position vs. arc length and z-position vs. arc
length) were generated for the path taken by each node in
the AAA surface as pressure varied from 0 to 200 mmHg. R?
values averaged across all nodes were 0.89, 0.97, and 0.95
respectively for X, Y and Z. Taken together, they support
the following approximations:

1. the unit displacement vector (i.e., direction) field in an
AAA surface under any physiological pressure P; is
the same as that under any other physiological pressure
Ps;

2. the displacement magnitude field under P, differs from
the displacement magnitude field under P, only by a
single multiplication factor.

These assumptions form the basis for the development
of a method for approximately recovering the zero pressure
geometry from in vivo geometry. An alternative way to
look at the implications of our observations is this: AAA
deformation under pressure may be thought of as two sep-
arate parts—the change in shape and the change in size.
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Figure 2 essentially demonstrates that the change in
shape, although can only be described by numer-
ous quantities—U,(x,y,z)—is actually quite consistent
between increments of pressure. Consequently, if we
know the change in shape for any one increment of pres-
sure, we can safely assume it to be the same for any given
increment of pressure. The change in size on the other hand
is governed by the nonlinearity of the stress-strain curve
(or more precisely, the chosen constitutive model), but this
is described by a single quantity (any size-change measure
such as Unax) and may therefore be obtained by a mini-
mization routine. This precisely is the underlying rationale
of our proposed approach.

Proposed Methodology for Recovery
of Zero Pressure Geometry

In this section, X is used to denote an n x 3 array (x, y,
and z coordinate values of n nodes describing a triangu-
lated surface). The element connectivities remain the same
during transformations and therefore, X may itself be used
to uniquely describe a given geometry. x is used to denote
the FE-computed deformed geometry when X is subjected
to luminal pressure. The goal is to determine the candidate
zero pressure geometry (Xo_pred) Which when subjected to
the known luminal pressure at imaging (P, ) will result in a
deformed geometry (Xo_preq) that is closest to the known in
vivo geometry during imaging (Xin, ). At the outset, this is an
ill-posed problem because Xo_preq is described by 3n vari-
ables and optimizing for so many variables is an impossible
task. But as postulated earlier, if the displacement field may
be known for any one pressure applied to any single config-
uration (the shape-change measure), then determination of
amultiplication factor alone (the size-change measure) may
be sufficient to recover Xq_preq. This is the premise of the
proposed methodology illustrated schematically in Fig. 3.
Briefly, the basic approach is to first determine one such
displacement field (U) by applying Piy, to Xjy assuming it
to be stress free. Then this displacement field is scaled by
a multiplication factor, — k and applied to Xj,, to obtain a
shrunk geometry (Xox). Xox is then subjected to P, and the
resulting deformed geometry (xo;) determined. The sum of
square difference between xo; and the known Xj,, is cal-
culated (E,p;). The process is repeated for multiple values
of k until a minima in Eq,; is found. The Xo; for which
Ep; is minimized is the predicted zero pressure geometry.
The objective function E is a measure of the difference be-
tween two geometries. It is the square of the displacement
magnitude field that transforms one geometry into the other
summed over all nodes.

Mean aortic pressure is recommended as Pjy, for patient-
specific AAA reconstructed from routine non-gated abdom-
inal CT data. Such scanning spans the entire length of the
AAA in about 10-20 sec. The sectional slices therefore
come from different stages of the cardiac cycle. Never-
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FIGURE 3. Flow chart of proposed methodology for recovering
zero pressure geometry.

theless, since AAA undergoes minimal pulsation (2-5%
in diameter'), the reconstructed and smoothed geometry
may be thought of as being under mean aortic pressure.
If routine imaging becomes more stringent in the future
(e.g., use of dynamic CT) allowing for diastole- or systole-
specific imaging, then Pi, may be Pgys or Pgiasiolic as the
case may be.

Validation

The accuracy of the proposed methodology was inves-
tigated using multiple realistic AAA models. First, the
3D model was taken to be truly under zero pressure (Xo)
with material model and proximal/distal constraints as de-
scribed in the earlier section. The equivalent of the image-
reconstructed 3D model, X;, is obtained by subjecting X, to
Pim. It is this Xj,, that is now available to the user. Our goal
here is to start with X, use the proposed methodology
to predict the zero pressure geometry (Xo_preq) and then
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FIGURE 4. Validation procedure used. The process between
Xim and Xo_preq Was blinded from the process between X, and
Xim-

compare it to the known zero pressure geometry (Xp).
Figure 4 illustrates the verification method graphically. The
sum of square error function, E,., is used to quantify the
difference between Xo_preq and Xo. In order to place Ejey
in context, the error in the conventional approach, E¢ony—
defined as the sum of square difference between X, and
Xm—is also calculated.

Enew = Z{1Xoprea — XoI’}: Econv = Z{1 X, — XoI%}

Three cases were studied for the validation procedure.
In case 1, the AAA used in earlier section was assumed
to have P;,, of 100 mmHg. In case 2, this same AAA was
assumed to be from a severely hypertensive patient with
a Py, of 180 mmHg. In case 3, a different AAA model
was assumed to have Pj, of 100 mmHg. Figure 5 shows
the k vs Eqp; relationship for these cases. Optimal value
for k ranged between 0.95 and 1. Figure 6 shows graphical
comparisons between Xo, X, and Xo_preq for the severely
hypertensive case. Table 1 lists the error measures for all
cases. Results of the validation study show that the pro-
posed methodology helped to recover the zero pressure
geometry to a reasonable degree of accuracy. The error in
predicting the zero pressure geometry with the use of the
proposed methodology (E,.w) appears to be a small fraction

of the error in the conventional approach (E ), but even
S0, it is still only an approximation. And finally, we also
computed the stress distributions using the conventional
and proposed approaches for all 3 cases (see Fig. 5). The
peak von Mises wall stress between the conventional and
proposed approaches were 27.1 vs. 26.9 N/cm? for case 1
(0.7% error), 54.0 vs. 52.6 N/cm? for case 2 (2.7% error)
and 22.8 vs. 22.4 N/cm? for case 3 (1.8% error). Clearly,
this suggests that the assumption in the conventional ap-
proach on zero pressure geometry is reasonable, as long as
the goal is confined to computation of stress distribution.
Increasing hypertension is likely to increase this error. But
the fact that the stresses aren’t significantly different in
the cases studied is understandable because spatially high
stresses may be more sensitive to shape differences than
size changes. However, when the change in size becomes
an important part of the problem such as during inverse-
FE based parameter estimation from temporal image data
(e.g., dMRI or gated-CT), then the recovery of zero pressure
configuration becomes indispensable.

DISCUSSION

A methodology to recover the zero pressure geometry of
aneurysms has been proposed. The underlying rationale is
that the shape change in an AAA is consistent and may be
approximately recovered. The size change under pressure
can then be determined accurately using an error minimiza-
tion routine. The validation study with multiple realistic
AAA models demonstrated that the recovered zero pressure
geometry is likely a reasonable approximation. The ability
to recover the zero pressure geometry may only slightly
improve estimations of stress distribution, but can facilitate
validation of FE analyses'' and allow for material property
estimations from in vivo dynamic imaging. It has to be
noted that the method depends on other modeling choices
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FIGURE 5. Minimization of objective function for the three cases studied. The optimal k varied between 0.95 and 1.0 in these cases.
The morphology of AAA models shown are to scale. Further details on the three cases are provided in Table 1.
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FIGURE 6. Comparison of geometries from validation procedure. All images are to scale. The difference between the recovered
and true zero pressure geometries (C) is quite small and may only be perceived in the zoomed insert (12 x magnification).

being reasonable such as the material model and boundary
conditions. Limitations in this approach are worth noting.
It has been assumed that residual stresses if present are
negligible in the aneurysmal wall. Unreported observations
by our group support this premise, but additional studies
are needed. All reported studies in AAA biomechanics
have ignored residual stress.'~®% We studied whether this
method will work when anisotropic material models are
employed. We used a patient-specific cerebral aneurysm
model described by a Fung-type constitutive law.'? Fol-
lowing the validation protocols, we found that the Eqp; was
minimized at k= 1.00 with E,ew/Econy ratio (error in zero
pressure geometry from proposed method as a fraction of
error in conventional approach) was 12.74%, suggesting
that this method may work well for anisotropic models and
at smaller size scales as well. We also studied whether this
method will work for AAA walls with regionally varying
wall thickness. An AAA model with regionally varying wall
thickness (based on experimental measurements) was stud-
ied according to the validation protocol in Fig. 4. We found
the Eq,; was minimized at k= 0.90 with Eey/Econy ratio
of 23.83% suggesting that the method may be less reliable
when AAA have regionally variable thickness. Essentially,
the underlying premise of this approach is based in heuris-

TABLE 1. Results from validation procedure for the three
cases studied (see Fig. 5 for morphology of the AAA models

used).
Minimum
Pim Eobj OPtima| Econv Enew Enew/
Case # (mmHg) (cm?) k (cm3) (cm?)  Econv

1 (AAA#1) 100 1.97 1.00 20240 557 2.75%
2 (AAA#1) 180 6.95 0.95 426.31 16.35 3.84%
3 (AAA#2) 100 6.48 1.00 293.95 29.84 10.15%

tics, not theory. Therefore, when the computational model
differs significantly from that demonstrated here (e.g., use
of solid 3D element types and incorporation of intra-luminal
thrombus or vertebral constraints into FE model), additional
validation is recommended. Our group recently reported a
theoretically sound method of recovering the zero pressure
geometry using inverse elastostatics where the spatial form
of equilibrium equation is used and the Cauchy stress pa-
rameterized in terms of an inverse deformation gradient.'?
That approach is superior to the one proposed here, but
requires modifications to FE solution schemes and impossi-
ble with current commercial solvers. The current proposed
method offers an alternative first order approximation of
the zero pressure geometry and is easily performed using
commercial FE solvers.
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