J ENDOVASC THER
2009;16:531-538

¢ EXPERIMENTAL INVESTIGATION

531

2

In Vivo Deformation of the Human Abdominal Aorta and
Common lliac Arteries With Hip and Knee Flexion:
Implications for the Design of Stent-Grafts

Gilwoo Choi, MS'; Lewis K. Shin, MD?2; Charles A. Taylor, PhD"3:4; and

Christopher P. Cheng, PhD*

Departments of "Mechanical Engineering, 3Bioengineering, and 4Surgery, Stanford
University, Stanford, California, USA. 2Department of Radiology, Stanford University/

VAPAHCS, Stanford, California, USA.

L 4

4

Purpose: To quantify in vivo deformations of the abdominal aorta and common iliac
arteries (ClAs) caused by musculoskeletal motion.
Methods: Seven healthy subjects (age 34*+11 years, range 24-50) were imaged in the
supine and fetal positions (hip flexion angle 134.0°+9.7°) using contrast-enhanced
magnetic resonance angiography. Longitudinal strain, twisting, and curvature change of
the infrarenal aorta and CIAs were computed. The angle between the left and right ClAs
and translation of the arteries were also computed.
Results: Maximal hip flexion induced shortening (5.2%=*4.6%), twisting (0.45%+0.27 °/mm),
and curvature changes (0.015+0.007 mm™") of the CIAs. The angle between the ClAs
increased by 17.6°*+8.6°. The iliac arteries moved predominantly in the superior direction
relative to the aortic bifurcation, which would induce compression and bending, thus
increasing curvature and angle between the ClIAs. The abdominal aorta also exhibited
shortening (2.9%*2.1%) and twisting (0.07+0.05 °/mm) deformation associated with the
hip flexion.
Conclusion: Although this study was limited to a few healthy young adults, musculoskel-
etal motion, specifically hip flexion, caused significant in vivo morphological changes
(shortening, twisting, and bending) of the arteries. Predominant superior translation of the
ClAs was observed, which suggests that preclinical testing of cyclic superior-inferior
translational motion may aid in predicting stent-graft fractures. In turn, stent-graft design
could be improved, decreasing overall stent-graft-related complications.
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Endovascular aneurysm repair (EVAR), com-
pared to open surgical repair, has been
increasingly utilized due to faster patient
recovery, reduced morbidity and mortality,

and minimal invasiveness for high-risk pa-
tients.”™ However, metallic stent fracture
(9%),%” modular component separation
(13%),% and stent migration (8%)° have been
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reported as common failure modes that may
result in serious clinical complications such
as endoleak and rupture.’®"’

Although government regulators have
made significant efforts to improve preclinical
evaluation of endovascular grafts, current
testing protocols have not successfully pre-
dicted the aforementioned failure modes.'*"3
For designing preclinical tests, cardiac pulsa-
tion and respiratory motion have been the
primary loading considerations in the form of
pulsatile fatigue testing. On the other hand,
static characteristics of the abdominal aorta,
including the size and shape of the aortic
neck, bifurcation divider offset, branch angle,
and angular asymmetry, have been exten-
sively investigated, since the geometry of the
aorta is crucial for designing and implanting
endovascular devices."*"®

In our view, however, one of the recognized
problems with current device evaluation has
been the lack of information about ““dynamic”
and “non-pulsatile” in vivo deformations of
the vessels. Anatomically, the common iliac
arteries (ClAs), where the limb components of
the stent-graft land, are in proximity of the hip
joint. Thus, the abdominal aorta and the ClAs
are subjected to dynamic forces that the
musculoskeletal system may induce during
hip flexion. If such forces act on the vessels
repeatedly, the integrity of endovascular
devices may be significantly compromised.
We believe a better understanding of these
vessel deformations due to musculoskeletal
motions would improve both device devel-
opment and clinical decision making.

In this study, we utilized magnetic resonance
angiography (MRA) and image processing
methods to quantify 3-dimensional (3D) in vivo
deformation of the abdominal aorta and ClAs
by maximal hip flexion. Measurements of
longitudinal, twisting, and curvature deforma-
tions, as well as changes in angle between left
and right CIAs, may enable the development of
more reliable preclinical tests.

METHODS

Imaging Protocol and Study Population

The abdominal aorta and ClAs of 7 healthy
subjects (6 women; age 34*11 years, height
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Figure 1 @ Sagittal views of a subject in the (A)
supine and (B) fetal positions are displayed with
the localizer scan images prior to MRA.

1608 cm, weight 54+8 kg) were imaged us-
ing contrast-enhanced MRA in a clinical mag-
net (1.5-T Signa whole-body MR system; GE
Medical Systems, Milwaukee, WI, USA). Each
subject was imaged in the supine and fetal
positions (hip flexion angle 134.0°+9.7°) to
induce arterial deformation (Fig. 1). Ten mL of
MultiHance gadolinium (Bracco Diagnostics,
Inc., Milan, Italy) was administered via the left
antecubital vein at 3 mL/s, followed by 10 mL
of normal saline at 3 mL/s for each body
position. Each scan lasted ~30 seconds and
was performed during a breath hold to elimi-
nate respiratory motion. The field of view was
approximately 30x30x10 cm, with a recon-
structed matrix size of 512Xx512X72. This study
was approved by the Human Subjects Research
Institutional Review Board, and informed writ-
ten consent was obtained from each volunteer.

Image-Based Anatomical Modeling

Prior to image processing, geometric dis-
tortion of the MRA data caused by the
inherent inhomogeneities in the magnetic
field was corrected using proprietary software
(GE Medical Systems)."”” Geometric changes
in the vessel were then quantified by means
of custom software (www.simvascular.org)
and methods that we previously described.'
A 2D threshold segmentation technique was
used to find the lumen boundaries of the
arteries (Fig. 2A). Fourier smoothing was
then performed on the centroid sets of
the segmentations to create a centerline.
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Figure 2 ¢ (A) Centerline path is generated by
calculation of the centroids of the 2D threshold
segmentations. (B) Ostia of the renal and internal
iliac arteries and the aortic bifurcation are used as
fiducial landmarks for analysis.

The smoothed centerline path was utilized in
the calculation of longitudinal strain, axial
twisting, and curvature metrics.

Deformation Metrics

To determine the strain, 2 measurements of
the length changes in the infrarenal aorta were
made using both renal arteries as reference
points (Fig. 2B) since the offset distance
(3.4£0.9 mm) between the left and right renal
arteries was relatively small (3.7%+0.9%)
compared to the total length of the infrarenal
aorta. For the strain calculation in the ClAs, the
internal iliac artery and the aortic bifurcation
were used as landmarks. In addition, twisting
deformation of the abdominal aorta was also
measured by comparison of the angle of
separation between a renal artery and a CIA
(Fig. 3)."® For the CIA, the aortic bifurcation
and the ostium of the internal iliac artery were
used to compute the angle of separation.™

To measure 10 angles between the left and
right CIAs, 10 points were sampled in 5-mm
increments along the artery from the starting
point to a distal point on the iliac artery
centerline (Fig. 4). Curvature of the aorta and
CIA was calculated by the inverse of the radius
of a circumscribed circle along the vessel.'®
Changes in mean curvature were then calcu-
lated between the supine and fetal positions;
the maximum curvature for each position was
also determined. In order to compare local
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Figure 3 @ The method of calculating the angle of
separation between the left renal and left ClAs. A
parallel path to the aortic centerline, starting from
the renal ostia centroid, is generated to find the
corresponding point at the level of the aortic
bifurcation. The angle of separation is determined
by the corresponding point to the left renal ostium
at the level of aortic bifurcation, aortic bifurcation
point, and centroid of the left iliac lumen cross
section.

curvature, the vessel was divided into seg-
ment lengths equal to the vessel radius, and
curvature values were compared between the
supine and fetal positions.

To investigate the kinematic cause of the
observed arterial deformations, 2 geometries
were co-registered based on the local geom-
etry around the aortic bifurcation (Fig. b).
Although the abdominal aorta essentially
undergoes non-rigid body deformation due
to musculoskeletal motion, the CIAs can be
co-registered on the basis of the local region
at the aortic bifurcation. Thus, the co-regis-
tered geometries made it possible to track the
relative motion of the artery with respect to
the local region of the abdominal aorta.
Specifically, since the coordinate system of
image volumes for supine and fetal positions
differs, the aortic bifurcation was employed
as the origin of each local coordinate system.
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Figure 4 @ The intersection between the CIA cen-
terline and the plane at the aortic bifurcation (O)
defines the starting points of the CIAs, denoted as
P_. and Pgr. The angle between the left and right
ClAs is determined by use of CIA vectors, defined
from the starting points (P and Pg) to a distal point
on the CIA centerline in 5-mm increments. Ten
pairs of aortic bifurcation angles are compared
between the supine and fetal positions.

An anterioposterior (AP) unit vector was
defined by performing the cross product of
the right-left (RL) and superior-inferior (Sl)
unit vectors. The Sl unit vector (N,) extended
from the aortic bifurcation to a point 7 mm
(approximate radius of the aorta) superior to
the bifurcation; the RL unit vector (N,) was
defined from the left CIA centroid to the right
CIA centroid at the level of the aortic bifurca-
tion. On the basis of the orthogonal unit
vectors defined, coordinate transformation
was performed from the fetal (Fg) to supine
(°q) coordinate system as follows:

$G=5R:("G—"6)+50, (1

where SR represents a rotation matrix, while

F6 and SO represent the coordinates of the
aortic bifurcation in the fetal position coordi-
nate system and in the supine coordinate
system, respectively.

Statistical Analysis

All the deformation measurements are
provided as means =* standard deviation.
Each deformation metric for the supine and
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Figure 5 @ The common iliac artery for the fetal
position (light grey) is co-registered with that for
the supine position (dark grey) in the same
coordinate system (S). Three orthogonal unit
vectors in right-left, superior-inferior, and AP
directions are used as reference vectors for co-
registration. Note that the CIA exhibits significant
translation-inducing morphological changes from
the supine to fetal positions.

fetal positions was compared using paired
and 2-tailed Student t tests to identify statis-
tical significance (p<0.05). Analyses were
performed using Matlab software (The Math-
Works, Inc, Natick, MA, USA).

RESULTS

Deformation of the Abdominal Aorta

From the supine to fetal positions, the infrare-
nal aorta shortened 2.9%+2.1% (supine
92.0+6.8 mm, fetal 89.3+6.3 mm; p<0.05),
and the mean curvatures of the abdominal
aorta for the supine and fetal positions were
not statistically different (supine 0.007=*
0.002 mm ', fetal 0.008+0.004 mm™"). Twist-
ing of the abdominal aorta was —3°*7° (p=NS)
over the infrarenal aorta, where the negative
sign represents a clockwise direction as viewed
from the top of the abdominal aorta. The
average magnitude, i.e., absolute value of the
twisting angle, was 6°+4° (p<<0.05). Accord-
ingly, the twist rate was 0.07+0.05 °/mm.
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Figure 6 @ (A) Circles with radius of curvature at
the maximum curvature for the supine and fetal
positions are superimposed with geometric mod-
els for geometric interpretation. (B) Curvature
variation of the iliac artery is plotted along the
arc length of the iliac artery from the aortic
bifurcation to distal iliac artery. Maximum curva-
ture and corresponding minimum radius of curva-
ture are denoted by arrows.

Deformation of the CIA

From the supine to fetal positions, the CIA
segment shortened 5.2%+4.6% (supine
44.8+12.7 mm, fetal 42.6+12.5 mm; p<0.05)
and twisted 18°+10° in magnitude (p<0.05).
The corresponding twist rate was 0.45=*
0.27 °/mm. Mean curvature of the CIA
increased 0.015+0.007 mm ™' (supine 0.019+
0.006 mm~', fetal 0.034+0.010 mm~"; p<
0.001), which corresponded to an 85%*+44%
increase. Accordingly, the mean radius of
curvature decreased 46%=*=21% (supine 100+
52 mm, fetal 48+=16 mm). The maximum
curvature for the supine position was 0.038+
0.013 mm~", while that for the fetal position
was as high as 0.069+0.022 mm~". The corre-
sponding minimum radius of curvature for
the supine position was 29+12 mm, whereas
that for the fetal position was 177 mm.
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A Curvature change of the left iliac artery for all subjects
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Figure 7 @ Curvature variation of the CIA for all
subjects is plotted along 10 sampled locations of
the artery (A: left iliac, B: right iliac). Total mean
curvature increases from the supine to fetal

position.

Figure 6 illustrates curvature variation along
the arc length of the CIA and the geometric
interpretation of the radius of curvature at the
maximum curvature for both CIAs. In the left
CIA, the radii of the circumscribed circles for
the supine and fetal positions were 25 and
14 mm, respectively; in the right CIA, the radii
were 24 and 14 mm, respectively. As shown
in Figure 7, the local curvature exhibited non-
uniform changes along the vessel length. At
30 mm distal to the aortic bifurcation, which
is an average iliac fixation point,'®?° the
curvature for the left increased from 0.021+
0.0177 mm ™" to 0.050+0.026 mm ™", while the
curvature for the right increased from 0.018+
0.009 mm~"' to 0.034+0.015 mm~". For the
angle between the left and right CIAs, the
farther the points moved distal to the aortic
bifurcation, the more the angle increased due
to joint flexion (Fig. 8). At 50 mm from the
aortic bifurcation, the angle change was 17.6°+
8.6° (supine 52.7°+7.1°, fetal 70.4°+13.9°).

CIA Translation

The co-registered geometries made it pos-
sible to quantify the translation of the ClAs
due to hip flexion in 3 orthogonal directions
(AP, RL, and Sl). With regard to the translation
in the AP and RL directions, the iliac arteries
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A Angle between the left and right common iliac arteries
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Figure 8 @ Angle between the left and right ClAs
for each position is measured at 10 discretely
sampled locations along the artery (A). From the
supine to fetal positions, the angle between the left
and right ClAs increases as more distal locations

are compared (B).

did not show significant motion (Fig. 9A,B).
On the other hand, the predominant motion
of the iliac arteries was, instead, in the
superior direction due to maximal hip flexion
(Fig. 9C). At 45 mm distal to the aortic
bifurcation, which is an average iliac bifurca-
tion point,’® the left and right CIAs translated
6.8+4.7 mm and 8.7+£6.0 mm in the superior
direction, respectively.

DISCUSSION

This study provided new information on the in
vivo non-pulsatile deformation of the abdom-
inal aorta and iliac arteries caused by muscu-
loskeletal motion. Furthermore, in vivo kine-
matics of the CIAs explained the observed
deformations based on co-registration of the
vessel geometry. Maximal hip flexion induced
significant shortening, twisting, and bending
of the ClAs. The abdominal aorta also exhibited
shortening and twisting deformation from the
supine to fetal positions. Abel et al.’? suggest-
ed that durability tests and stress analyses for
longitudinal and torsional loading and bending
were some of the most critical areas needing
improvement.

We found that the abdominal aorta short-
ened ~3% on average due to maximal hip
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Figure 9 @ Translation of the CIA is plotted in
anterior-posterior (AP), right-left (RL), and superi-
or-inferior direction. Note that the superior trans-
lation is predominantly observed, as compared to
AP and RL translations.

flexion. The shortening may be attributed to
hip flexion because the CIA was found to
move superiorly with respect to the aortic
bifurcation, compressing the distal abdomi-
nal aorta. Moreover, the abdominal aorta
experienced ~6° twisting deformation, likely
due to the asymmetric motion of the left and
right ClAs, which could induce a torsional
moment in the distal portion of the abdom-
inal aorta. In this population, a consistent
direction of twisting was not observed, prob-
ably due to individual anatomical variation,
such as different branch bifurcation angles, or
variable musculature lines of action.

Below the aortic bifurcation, the CIA short-
ened ~5% on average and twisted ~18° from
the supine to fetal positions. In addition, mean
curvature of the iliac artery for the fetal position
increased ~85%, which corresponded to a
~46% decrease in radius of curvature. We also
found that the change in the angle between the
left and right CIAs increased almost linearly
(R?=0.99), progressing distal to the aortic
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bifurcation. In other words, the iliac arteries
curve away from each other, and thus the
angle change is amplified moving distally.

These observed deformations, including
significant shortening, curvature change,
and angle change between the ClAs, probably
result from the interaction between musculo-
skeletal and vascular systems in the lower
extremities. Therefore, these deformations
may predispose endografts to migration,
resulting in type | and type lll failures. The
inability of an endograft to lengthen, shorten,
or bend according to the changes in vessel
length or curvature may impair fixation at the
proximal and distal anchoring sites.

The co-registration of the CIAs revealed a
predominant superior translation of the ves-
sels relative to the aortic bifurcation, from the
supine to fetal positions. Kinematically, the
superior translation would induce longitudi-
nal compression of the CIA with respect to the
aortic bifurcation, causing shortening and
bending of the artery, thus increasing curva-
ture and angle between the ClAs.

Limitations

This study was limited to a few young,
healthy volunteers who could fit in the magnet
in the fetal position. For older or diseased
subjects, the amount of vessel deformation
may differ due to lengthening and stiffening.?"
There could be greater changes in curvature
because displacements would have to be
accommodated more by curving and less by
shortening. However, we expect that vessel
deformations in older subjects may exhibit
similar trends because the kinematic motion of
the lower extremities would be similar. In
addition, the deformation measurements re-
sulted from an extreme body position (fetal).
Normal walking (mean hip flexion angle
43.2°)2 would likely induce less deformation
than maximal hip flexion (134.4°).

Conclusion

We have shown that the abdominal aorta
and the ClAs readily conformed to muscu-
loskeletal motion and exhibited significant
deformations. Musculoskeletal motion, specif-
ically hip flexion, caused significant in vivo
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morphological changes of the vessels, result-
ing in shortening, twisting, and bending of the
abdominal aorta and the ClAs. Translation of
the CIAs was predominantly in the superior
direction, so pre-clinical testing of cyclic supe-
rior-inferior translational motion may aid in
more reliable predictions of stent-graft dura-
bility. In turn, stent-graft design and manufac-
turing could be improved, decreasing overall
stent-graft-related complications. Future stud-
ies will include analysis of vessel deformation
in older and diseased subjects. Ultimately,
investigation of in vivo deformations of actual
stent-grafts will be required for more complete
understanding of device failure mechanisms.
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