
a

P
s
E

T
V
S
(

N

©

J

D

LABORATORY INVESTIGATION

In-vivo Imaging of Femoral Artery Nitinol Stents for

Deformation Analysis
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ABSTRACT

Purpose: The authors have developed a direct method to study femoral artery stent deformations in vivo. A previously described
imaging and analysis approach based on a calibrated phantom was used to examine stents in human volunteers treated for
atherosclerotic disease. In this pilot study, forces on stents were evaluated under different in-vivo flexion conditions.

Materials and Methods: The optimized imaging protocol for imaging with a C-arm computed tomography system was first
verified in an in-vivo porcine stent model. Human data were obtained by imaging 13 consenting volunteers with stents in femoral
vessels. The affected leg was imaged in straight and bent positions to observe stent deformations. Semiautomatic software was used
to calculate the changes in bending, extension, and torsion on the stents for the two positions.

Results: For the human studies, tension and bending calculation were successful. Bending was found to compress stent lengths by
4% � 3% (�14.2 to 1.5 mm), increase their average eccentricity by 10% � 9% (0.12 to �0.16), and change their mean curvature
by 27% � 22% (0 to �0.005 mm�1). Stents with the greatest change in eccentricity and curvature were located behind the knee or
in the pelvis. Torsion calculations were difficult because the stents were untethered and are symmetric. In addition, multiple locations
in each stent underwent torsional deformations.

Conclusions: The imaging and analysis approach developed based on calibrated in vitro measurements was extended to in-vivo

data. Bending and tension forces were successfully evaluated in this pilot study.
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There has been an increased interest in understanding the
causes of reported fracture of femoral artery stents (1).
Several in-vivo studies have examined the deformations of
stents in various parts of the body through several indirect
approaches. Some studies have used computed tomographic
(CT) angiography to measure changes in stent length and
vessel lumen sizes (2,3). However, the CT measurements
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ave not been correlated quantitatively with the equivalent
istorting forces. In one study (4), x-ray projection images
ere obtained in cadaveric legs under different bending and
exion conditions. Other studies (5,6) have used magnetic
esonance (MR) imaging to investigate the deformation of
essels alone following flexion of various body parts. How-
ver, because MR cannot be used to image metallic stents
ccurately (7), this type of evaluation provides only an
ndirect indication of the deforming forces on the stent. In
ddition, these MR studies were performed on young
ealthy volunteers and might not be representative of the
ehavior of the vasculature in the elderly population most
ommonly treated with stents for atherosclerotic disease.

We have developed a more direct approach of studying
emoral stent deformations, which involves imaging the
tent-implanted leg under different flexion conditions in
uman subjects previously treated for vascular disease. In
n accompanying publication (8), we reported on a phan-
om-based imaging and image analysis framework for mea-
urement of the deformations of femoral artery stents. After
his framework was validated through the in vitro study, the
maging and analysis approach was then used to study stent
eformations in human volunteers. By using images ob-
ained from a C-arm CT system, a protocol was developed

or imaging stents and analyzing their deformations. This
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direct approach may lead to better understanding for the
causes of superficial femoral artery stent fracture.

MATERIALS AND METHODS

All imaging was performed on a C-arm CT angiographic/
fluoroscopic system (Axiom Artis dTA; Siemens, Forch-
heim, Germany). Image acquisition and reconstruction pa-
rameters described previously (8) were used (96 kVp with
automatic exposure control, 20 s rotation, detector pixel
size of 154 �m, reconstruction voxel size of 150 �m3 with
12 � 512 � 512 voxels in the region of interest, and

“vessel-sharp” reconstruction kernel).

Animal Imaging
To verify the suitability of the chosen in-vivo stent imaging
protocol, a nitinol stent placed in the femoral artery of a
swine was imaged with use of the C-arm system. This
prospective study was conducted with institutional review
board approval. The swine was preanesthetized with a
mixture of Telazol (tiletamine HCL and zolazepam HCL)
and atropine followed by inhalation of 2%–3% isoflurane.
All vital functions of the animal were constantly monitored
after induction of anesthesia. The stent was imaged with the
stent-implanted leg straight and then bent at the knee and
hip.

Human Subject Imaging
A pilot study to evaluate our technique was conducted by
imaging 13 subjects who had stents implanted in arteries in
the femoral region. The human subjects who participated in
the study had previously undergone stent treatment for
atherosclerotic disease in the femoral vessels at a collabo-
rating medical facility. Subjects with stents located in any
of the vessels in the femoral region were accepted in view
of the limited population accessible during the course of the
study. Some subjects had been treated with multiple stents,
and the stent types and manufacturers varied among and
even within subjects. Based on the parameters from the
phantom and animal studies, a protocol was developed and
approved by an institutional review board at the authors’
university. All subjects gave informed consent before im-
aging. The population statistics of the imaged group are
listed in Table 1.

For imaging the deformations of superficial femoral
artery stents, the subjects were placed in two positions: one
with the affected leg straight and the other with the leg bent
at the hip, knee, and ankle. A special extension to the
existing patient table was constructed to allow placement of
the subject in the two positions such that the stent always
remained at isocenter during imaging. The distances be-
tween the focal spot and center of rotation and between the
focal spot and detector, along with subject height, limited
how far the subjects could bend their hip and knee while

allowing unobstructed rotation of the C-arm. Figure 1 t
hows the setup for imaging the subjects with the C-arm
ystem. An angled back support and an ankle support were
rovided. Further support was provided in the form of
djustable straps. This was necessary to minimize leg
ovement and/or tremors during the scan to prevent any
otion artifact from reducing image quality.

From the image data, the values for the centerline
ength and the curvature along the centerline were ex-

igure 1. Setup for imaging human subjects with the C-arm
ystem.

Table 1. Statistical Details of Human Subjects Imaged
(N � 13)

Detail Value

Pts. with usable images 11

Sex (M/F) 12 : 1

Age (y) 67 � 8.5

Height (cm) 176 � 9

Weight (kg) 88.4 � 10.9

Note.—Values presented as means � SD.

Table 2. Imaging Parameters for Study in Human Subjects

Parameter Value

Scan time, s 20*

Frames per second 15

Frames per scan 494

Peak tube voltage, kVp 90

Focal spot size, mm 0.6

Reconstruction kernel Bone, sharp

Dose level to detector, �Gy 0.120

Detector matrix size 1,024 � 1,024

Reconstruction voxels 512 � 512 � 512

Voxel size, �m 214 � 66†

* Time for each leg position.
† Region of interest–dependent.
racted. This allowed for calculations of the response to



j
t
s
o
t
i

f
a
a
v
w
s
l
a
w
r
s
f
l
w
p

246 � Imaging Deformation Analysis of Femoral Nitinol Stents In Vivo Ganguly et al � JVIR
tension. The bend angle was calculated by summing the
angles between successive centerline points.

RESULTS

The imaging parameter optimization during the animal
study resulted in the values listed in Table 2, which were
selected for the human subject studies. The animal study
showed that stent visibility was sufficient for centerline
extraction. However, in the animal imaged, the difference
in the stent diameter along the length between the straight
and bent leg measured from a planar reformatted C-arm CT
image was not significant (ie, � 1 pixel).

The reconstruction voxel size depended on the size of
the region of interest including the stent; higher resolution
is possible for smaller regions of interest because the total
number of voxels was fixed at 5,123. The region of interest
size ranged from 103 �m to 383 �m depending on the size
of the stent-implanted volume and its anatomic location.
The mean value of the reconstruction voxel size was 214
�m � 66.

The imaging results in 13 subjects are listed in Table 3.

Table 3. Summary of Measurements from Human Subject Im

Stent Location

No. of

Stents

Stent

Length

(mm)

Straight Mid-thigh 3 95.07

Bent 94.13

Straight Near hip—Groin 1 59.50

Bent 59.65

Straight R groin 1 62.84

Bent 61.89

Straight R pop A*: behind knee 1 132.98

Bent 121.02

Straight L SFA: entire thigh 4 184.12

Bent 169.75

Straight R SFA: mid-thigh 1 43.45

Bent 43.16

Straight R SFA: upper thigh/groin 1 64.48

Bent 62.14

Straight R SFA: mid-thigh 2 101.05

Bent 95.05

Straight R SFA: mid-thigh 3 85.83

Bent 84.57

Straight L SFA: mid-thigh 2 95.46

Bent 89.47

Straight R SFA: mid-thigh 1 88.93

Bent 90.39

Mean straight: 1.8 92.2

Mean bent: 88.3

Note:—The numbers in bold are the mean values for the two
* Pop A � popliteal artery.
Image quality was sufficient for analysis in 11 of 13 sub- c
ects. In the two cases of unusable images, the location of
he bent leg was not optimal, resulting in truncated recon-
tructions of the stents. A sample three-dimensional image
f a subject with the leg placed in straight and bent posi-
ions, and the corresponding unwrapped images, are shown
n Figure 2.

With our image analysis software, the stents were
ound to compress in length as a result of leg bending by an
verage of 4% � 3%, with a minimum change of 0.3% and
maximum change of 9.0% (12 mm in a stent-implanted

essel of 133 mm). In four subjects, the change in length
as less than 1 mm, with no correlation between number of

tents and length change. One subject showed an increase in
ength of 1.6%, or 1.5 mm in an 89-mm stent. Eccentricity
veraged over the length of the stents in straight position
as 0.40, compared with 0.44 in the bent position. This

epresents a 10% increase in eccentricity between the
traight and bent positions on average. The maximum de-
ormation of 36% occurred in cases in which the stent was
ocated in the pelvis or behind the knee. A similar pattern
as seen for curvature, with only two stents, one in the
elvis and the one behind the knee, exhibiting a significant

Study

Mean

centricity

Mean

Curvature

(l/mm)

Mean Bent

Radius

(mm)

Min Bent

Radius

(mm)

Max Bent

Radius

(mm)

0.45 0.008 127 32 400

0.52 0.01 98 20 3333

0.27 0.026 39 20 89

0.34 0.021 48 34 98

0.35 0.009 111 57 455

0.46 0.015 66 26 714

0.25 0.009 112 66 714

0.34 0.025 40 19 185

0.59 0.006 164 43 2000

0.42 0.017 39 17 435

0.38 0.012 80 30 263

0.46 0.01 96 47 208

0.33 0.01 100 49 196

0.37 0.013 77 40 435

0.44 0.006 179 35 5000

0.45 0.006 175 34 1000

0.40 0.017 58 17 323

0.42 0.014 71 28 385

0.44 0.007 135 27 3333

0.48 0.011 91 19 588

0.48 0.011 94 33 556

0.55 0.01 101 41 1250

0.40 0.011 109 37 1212

0.44 0.014 82 30 785

analyzed, and they summarize the results. R � right, L � left.
aging
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surements for straight and bent positions were 0.011 and
0.014, respectively, or a change of 27% � 22%. Figure 3
shows the case with the highest degree of curvature. The
presence of multiple stents in some of the subjects was
ignored for this feasibility study. However, it can have an
impact on the results and needs to be studied more care-
fully.

According to the results from the image-based in vitro
measurements, the maximum change in length of the stent
of 12 mm corresponds to a load of 466.6g. This was
obtained by using a linear fit to the theoretical curve for
load tension. From the curvature results, the maximum
curvature value of 0.054 corresponds to a bend angle of
100.9° or a load of 86.7g. The torsion values were not
calculated for the human subject data because, in many
cases, there were multiple points under torsion.

DISCUSSION

This work provides an estimate of the in-vivo deformation
of femoral stents in live subjects. It lays a foundation for an
expanded study that could then be used to possibly improve
stent design. Additionally, the subjects imaged for this
study had received stents with a variety of sizes and lengths
and, in many cases, multiple stents from different manu-
facturers were implanted during their treatment. The loca-
tions of the stents in the subjects were variable and the total

Figure 2. Imaging of a subject with superficial femoral artery s
(bottom) positions. The corresponding three-dimensional reco
stent images are also shown.
number of participants in the study was small. This makes t
xtension of the in-vitro results to the in-vivo data less
traightforward.

The image analysis algorithm required adjustment of
ome of the initial conditions. A good estimation of the
adius of the stent and the initial direction vector for the
enterline was needed. The radius was determined by look-
ng at the cross-sectional slices and manually measuring the
tent diameter from a slice in which the stent was fairly
ounded. The initial vector was estimated from the ori-
ntation of the stent in the volume and was adjusted by
rial and error in cases in which the centerline veered off
n an obviously incorrect direction. This problem oc-
urred more often when the stent was close to the femur.
nother parameter that sometimes needed adjustment
as the step size for the centerline calculation. Large

tep size caused the centerline to hit the wall of the stent
n cases in which there was any significant change in
urvature. Too small a step size often caused the analysis
o be stuck at certain locations. Therefore, in each case,
he analysis was started with use of the largest step size
nd then reduced in case the centerline did not reach the
ther end of the stent. For the tension measurements, as
he results primarily depend on the length change mea-
urements, any error is attributed to inaccuracies in the
tent end determination resulting in errors in the calcu-
ated stent length.

For torsion calculations, given the image resolution,

ith the C-arm CT system with the leg in straight (top) and bent
ted images of the stent and the two-dimensional unwrapped
tents w
nstruc
he relative shift in the location of stent wires at locations
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other than near the gold markers was difficult to identify
accurately. In the in vitro setup, it was assumed that one end
of the stent was fixed and torque was applied to the other
end; hence, the effect of torque could be quantified. In the
human subjects, the stents were not tethered at either end,
which made the torsion calculations difficult. The circular
symmetry of the stents made the torque calculations from
the unwrapped stent even more difficult. Additional work
involving connected graphs and use of calcification as
markers in the vicinity of the stents is under way (9).

Analysis of the results showed significant noise in the
eccentricity along the length of the stent. Although some of
the variations reflect the actual physical condition, a major

Figure 3. Three-dimensional stent images for a subject with th
with overlaid centerline (c,d). Corresponding fits to three-dim
curvature (g) for the two positions.
contributor to this result is the presence of high-density l
laque around the stent. Figure 4 shows two cases in which
he plaque was most significant. The analysis software is
nable to distinguish between the stent wires and the
laque, which causes inaccurate ellipses to be fitted per-
endicular to the centerline. A possible solution to this issue
ould be to obtain images before the procedure that could
hen be registered and subtracted from the images with the
tents in place to numerically remove the plaque from the
hree-dimensional images before stent analysis.

Comparing our measurements versus in-vivo measure-
ents in the literature, CT angiographic studies report stent

imensions with length measurement accuracies of 2.46
m � 2.37 for cardiac stents (3) and 1.9–0.94 mm for

n straight (a) and bent (b) positions and corresponding images
al centerline using polynomial fit (grey) (e,f) and calculated
e leg i
ension
umen diameters of vertebral artery stents (2). Although the
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errors in stent length measurements for our previous in
vitro studies averaged 0.7 mm � 0.5 (8), this could not
be calculated for the in-vivo study. The primary reason
was the unavailability of the physical measurement of
the length of the deployed stent or of the multiple over-
lapping stents used in many cases. We did not record the
stent diameter because the value was not needed directly
for our calculations. However, the cross-sectional bound-
ary was identified by the algorithm and used for calcu-
lation of the centerline, which was then used to calculate
the tension and bending.

A fairly recent study by Nikanorov et al (4) looked
at projection x-ray images of stents placed in cadaveric
legs and estimated the compression and deflection or
bend angle. The maximum axial compression was 11%.
In comparison, the maximum compression in our sub-
jects was 36%. In the study of Nikanorov et al (4), the
stents were then placed inside silicone tubing and sub-
jected to 10 million cycles of chronic fatigue testing.
Chronic compression of 5% could result in a fracture rate

Figure 4. Unwrapped stent images show deposited plaque.
as high 80%, and a bend angle of 48° could result in an
9

lmost 100% fracture rate in some stents. Although the
ubjects in the present study did not exhibit any stent
racture, some experienced high compression and large
end angles as reported earlier.

In summary, an imaging and image-analysis technique
or the study of deformations of femoral artery stents has
een tested in an in-vivo pilot study. From this study, we
ealized that the range of loads studied in the in vitro
xperiment must be increased to span the full physiologic
ange, and should also include more stent designs to pro-
ide a broader reference dataset. Including weight-bearing
ositions of the leg for the in-vivo studies would increase
nsight into the causes of stent fracture. More flexible
rajectories of the C-arm that have recently been made
ossible in these scanners would indeed permit imaging
uch positions. Even though the current study lacks some
egree of completeness, it lays the basic groundwork and
rovides some important initial results.
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