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Ultrasound elastography to quantify average percent

pressure-normalized strain reduction associated with different

aortic endografts in 3D-printed hydrogel phantoms

Dakota W. Gonring, BA,a Zachary R. Zottola, BS,a Adnan A. Hirad, MD, PhD,b Ronald Lakony, BS,c

Michael S. Richards, PhD,d Grayson Pitcher, MD,b Michael C. Stoner, MD,b and

Doran S. Mix, MD,b Rochester, NY
ABSTRACT
Objective: Strain has become a viable index for evaluating abdominal aortic aneurysm stability after endovascular
aneurysm repair (EVAR). In addition, literature has shown that healthy aortic tissue requires a degree of strain to maintain
homeostasis. This has led to the hypothesis that too much strain reduction conferred by a high degree of graft oversizing
is detrimental to the aneurysm neck in the seal zone of abdominal aortic aneurysms after EVAR. We investigated this in a
laboratory experiment by examining the effects that graft oversizing has on the pressure-normalized strain (εrþ/pulse
pressure [PP]) reduction using four different infrarenal EVAR endografts and our ultrasound elastography technique.
Approximate graft oversizing percentages were 20% (30mm phantom-graft combinations), 30% (28 mm phantom-graft
combinations), and 50% (24 mm phantom-graft combinations).

Methods: Axisymmetric, 10% by mass polyvinyl alcohol phantoms were connected to a flow simulator. Ultrasound
elastography was performed before and after implantation with the four different endografts: (1) 36 mm polyester/
stainless steel, (2) 36 mm polyester/electropolished nitinol, (3) 35 mm polytetrafluoroethylene (PTFE)/nitinol, and (4)
36 mm nitinol/polyester/platinum-iridium. Five ultrasound cine loops were taken of each phantom-graft combination.
They were analyzed over two different cardiac cycles (end-diastole to end-diastole), yielding a total of 10 maximummean
principal strain (εrþ) values. εrþ was divided by pulse pressure to yield pressure-normalized strain (εrþ/PP). An analysis of
variance was performed for graft comparisons. We calculated the average percent εrþ/PP reduction by manufacturer and
percent oversizing. These values were used for linear regression analysis.

Results: Results from one-way analysis of variance showed a significant difference in εrþ/PP between the empty phantom
condition and all oversizing conditions for all graft manufacturers (F(3, 56) ¼ 106.7 [graft A], 132.7 [graft B], 106.5 [graft C],
105.7 [graft D], P < .0001 for grafts A-D). There was a significant difference when comparing the 50% condition with the
30% and 20% conditions across all manufacturers by post hoc analysis (P < .0001). No significant difference was found
when comparing the 20% and 30% oversizing conditions for any of the manufacturers or when comparing εrþ/PP values
across the manufacturers according to percent oversize. Linear regression demonstrated a significant positive correlation
between the percent graft oversize and the all-graft average percent εrþ/PP reduction (R2 ¼ 0.84, P < .0001).

Conclusions: This brief report suggests that a 10% increase in graft oversizing leads to an approximate 5.9% reduction in
εrþ/PP on average. Applied clinically, this increase may result in increased stiffness in axisymmetric vessels after EVAR.
Further research is needed to determine if this is clinically significant. (JVSeVascular Science 2024;5:100198.)

Clinical Relevance: This research suggests that a higher degree of graft oversizing results in a higher average percent
pressure-normalized strain reduction and thus increased mechanical stiffness. There is evidence suggesting that arteries
become less pulsatile when they become stiffened. Therefore, decreasing aortic pulsatile flow by implanting a highly
oversized graft may have deleterious long-term effects after endovascular aneurysm repair. This may have implications
for future graft construction and for the choice of endograft by the surgeon, especially when considering the benefits of
strain reduction to the diseased tissue that comprises the aneurysmal sac. In addition, our technique allows for the
assessment of dynamic changes to stiffness after graft implantation in vivo.

Keywords: Abdominal aortic aneurysm; Ultrasound elastography; Endovascular aneurysm repair; Graft oversizing
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In recent years, graft technology has become increas-

ARTICLE HIGHLIGHTS
d Type of Research: Brief report
d Key Findings: Using our ultrasound elastography
technique, we observed that a higher degree of graft
oversizing is associated with an increased average
percent strain reduction when deploying four
different endovascular aneurysm repair endografts
inside 3D-printed hydrogel phantoms measuring
24, 28, and 30 mm in diameter. The coefficient of
determination ðR2Þ from the linear regression of the
all-graft average percent pressure-normalized strain
reduction was 0.84 (P < .0001). This regression sug-
gests that pressure-normalized strain will reduce by
approximately 5.9% for every 10% increase in graft
oversize.

d Take Home Message: Our simulation study suggests
that commercially available endografts produce
similar reductions in principal strain. This reduction
is linear between 20% and 50% oversizing.
ingly sophisticated, allowing for endovascular aneurysm
repair (EVAR) to be performed in a growing percentage
of patients with complex anatomy.1-3 Specifically, many
of these patients have adverse aneurysmal neck charac-
teristics, including those that are large in diameter, short
in length, and have a high degree of angulation.4-6 Such
patients typically fall outside of the endograft manufac-
turer’s instructions for use (IFU) criteria, which places
them at increased risk for late proximal (type 1A) endo-
leaks and higher aneurysm-related mortality.7,8 Late
type 1A endoleaks are among the most consequential
post-EVAR complications as they tend to repressurize
the atrophied sac, leading to sac enlargement and
potentially aortic rupture.7,9,10 It is theorized that these
endoleaks develop due to graft migration and proximal
neck degeneration, especially when graft oversizing is
beyond 30%, but this finding is controversial and remains
poorly studied.7,11,12 The relationship between neck char-
acteristics, IFU specifications, and graft failure modes has
been established in the literature, but the factors that
lead to the natural progression of these events have
been incompletely explored.
One index that has been increasingly used to evaluate

abdominal aortic aneurysms (AAAs) after EVAR is biome-
chanical stiffness. By examining pressure-normalized
strain, previous studies have demonstrated an inverse
relationship between aneurysmal sac stiffness and
rupture risk, that is, that increased stiffness is associated
with increased aneurysm sac stability.13-15 Our group
recently conducted a related study examining the
biomechanics of the aneurysm sac immediately before
and after EVAR. We observed an increase in stiffness at
the sac-graft interface via a decrease in pressure-
normalized strain (εrþ/pulse pressure [PP]), thus demon-
strating the benefit of endograft implantation to the
diseased tissue of the aneurysm on a biomechanical
level.16 Unfortunately, it is largely unknown how these
same principles apply to the neck after EVAR, but addi-
tional findings in the literature can help us develop an
informed hypothesis. In previous studies, it has been re-
ported that when healthy tissue becomes stiffened, car-
diovascular and all-cause mortality both increase.17 Less
compliant blood vessels are associated with arterial
dysfunction and the development of vascular pathol-
ogy.18,19 Furthermore, pathologic cardiac remodeling
has been observed after endovascular repair of descend-
ing thoracic aortic aneurysms, due to stiffness discor-
dance between the implanted endograft and the
underlying native tissue.20 These notions suggest that
physiologically maintained compliance is required for
the long-term preservation of cardiovascular tissue.
Therefore, we postulate that increased stiffness conferred
by excessive graft oversizing in the neck of AAAs after
EVAR is potentially detrimental to healthy aortic wall
function and may lead to further aneurysmal degenera-
tion, even though increased stiffness in the EVAR-sac
construct itself is beneficial.
To test this hypothesis, we devised an experimental

model to examine the biomechanical effects that various
endografts and oversizing might have on the neck of
AAAs. We 3D-printed axisymmetric tissue-mimicking
phantom hydrogel vessels from polyvinyl alcohol cryogel
(PVA-c), a material that has previously been biologically
validated against vascular tissue.21,22 Our fabricated ves-
sels measured 30 mm, 28 mm, and 24 mm in diameter.
We implanted our vessels with four different EVAR grafts
and connected them to a cardiac flow simulator. Graft
compositions were polyester/stainless steel at 36 mm in
diameter (1), polyester/electropolished nitinol at 36 mm
in diameter (2), PTFE/nitinol at 35 mm in diameter (3),
and nitinol/polyester/platinum-iridium at 36 mm in
diameter (4). Percent oversizing ranged from 20% to
50% for grafts A, B, and D, whereas percent oversizing
ranged from 17% to 46% for graft C. For simplicity, we
refer to the three oversizing conditions as approximately
20%, 30%, and 50% across all graft manufacturers. Using
ultrasound elastography, we measured the εrþ/PP associ-
ated with each trial. εrþ/PP is inversely proportional to
modulus, a mathematical descriptor of stiffness.23 Finally,
we looked to the literature to determine if our findings
had any potential biologic implications for aneurysmal
necks after EVAR.

METHODS
Phantom vessel construction. All 3D prints were

designed using MeshMixer version 3.5 opensource Auto-
desk software. Molds were designed to yield
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axisymmetric tubes 304.8 mm (12 inches) in length with
5 mm wall thickness. We chose to manufacture our
phantoms with slightly thicker walls than the human
aorta to withstand repeated mechanical manipulation
and from prior experience in reproducing hydrogels. It
is important to note that our previous work showed a
4% to 6% principal strain in our phantoms with a PP of
20 to 100 mm Hg, which is what would be expected
for the human aorta.23 Therefore, from a mechanics
standpoint, our model mimics human aortic displace-
ments, independent of wall thickness, across a range of
PPs, including those that are physiologic. Phantom wall
thickness was preserved between each of the phantoms
so that results could be compared reliably. Our three
vessel-mimicking phantoms had inner diameters
measuring 24, 28, and 30 mm. Stereolithography (.stl)
files of all molds were printed using the Raise3D Pro2
Plus 3D printer and Raise3D premium polylactic acid
filament. End connectors had one path for flow with an
outer diameter corresponding to the inner diameter of
the phantom. The outflow tract had an external diam-
eter of 12.7 mm (0.5 inches) and barbs to prevent tube
slippage. End connectors were created using the Stra-
tasys J750 printer.
Batches of homogeneous 10% w/v PVA solution were

made in a similar fashion to established protocols in
the literature.22,24 Mold phantom structures were frozen
for 12 hours and then allowed to thaw for 12 hours for a
total of 5 freeze-thaw cycles. After the fifth and final
thaw, phantoms were carefully removed from their
molds using tap water. Phantoms were stored in a sealed
container with a 5% by volume bleach/water solution at
room temperature.
We also created two axisymmetric, cylindrical back-

ground phantoms. Given the tolerance of the experi-
ment, we used one large background for the 28- and
30-mm phantoms and a separate one for the 24-mm
phantom. These backgrounds were designed to slide
over their respective phantom vessels to mimic retro-
peritoneal tissue and provide mechanical stability.22

Background molds were created using the same soft-
ware, printer, and filament as those used in creating
phantom vessels. The outer diameters and heights of
the backgrounds measured 18.5 cm and 13.5 cm,
respectively. 3D-printed cylinders for background lu-
mens measured 36 mm (for the 30 mm and 28 mm
vessels) and 32 mm (for the 24 mm vessel). Batches
of background solution were created by microwaving
35 g of PVA in 700 mL of water (5% w/v) in a covered
container until translucent. The solution was then
allowed to cool to room temperature in a water bath
before stirring in 1.4 g of calcium carbonate (0.2% w/
v) suspended in 10 mL of water. Backgrounds were
subjected to 5 freeze-thaw cycles. Given the increased
volume of PVA, freeze-thaw cycles were increased to
48 hours.
Graft selection and degassing process. To investigate
the pressure-normalized strain conferred by various
commercially available grafts, we chose to maintain graft
size while serially decreasing phantom vessel size. We
aimed to have a minimum degree of oversizing within
the 10% to 20% range traditionally recommended clini-
cally.25 To achieve this in our largest phantom vessel
(30 mm), grafts could be no larger than 36 mm. Graft
compositions were polyester/stainless steel at 36 mm in
diameter (1), polyester/electropolished nitinol at 36 mm
in diameter (2), PTFE/nitinol at 35 mm in diameter (3),
and nitinol/polyester/platinum-iridium at 36 mm in
diameter (4). Ideally, grafts would have had the same
diameter, but the graft C manufacturer did not have a
36 mm device when we conducted our study. We still
found it appropriate to include it in our investigation
because it was in the 10% to 20% range, and the 1 mm
difference likely would not drastically affect clinical
decision-making. All grafts were degassed under nega-
tive pressure for 7 days before implantation to optimize
acoustic properties.

Experimental methods. Tubing was placed through
both sides of the long end of a 30-gallon plastic tub
and made watertight so it could be connected to the
rest of the circuit. Tubing was placed 7.5 cm from the
bottom of the tub.
One of each graft was implanted into the three phan-

toms and was used for all experiments. Percent oversiz-
ing ranged from 20% to 50% for grafts A, B, and D,
whereas percent oversizing ranged from 17% to 46% for
graft C. Percent oversize was calculated as the difference
between the phantom vessel diameter, before implanta-
tion, and the diameter of each graft, normalized by the
diameter of the phantom. The resulting value was then
multiplied by 100 to yield a percent. Vessel phantoms
were placed in the background phantoms, and the com-
bined phantoms were attached to the tubes in a water
bath. The barbed ends of the 3D-printed end connectors
matching the phantom to be used were connected to
tubing inside of the tub. Circumferential clamps were
placed outside of the phantoms to ensure an adequate
seal. To load a phantom with an endograft, phantoms
first had to be rolled down halfway to expose their inner
wall. The EVAR graft legs were then placed in contact
with the inside-out portion of the lumen before being
rolled back up with the main body of the graft situated
in the middle. Endografts were placed in the middle of
each of the phantoms, so the main body, approximately
50 mm, was 25 mm from the inlet of the flow simulator
to prevent changes to strain that might be imparted by
the flow loop itself. To ensure an adequate radial seal
and create an idealized graft-phantom interface, we
dilated with a Q50 stent graft balloon (Merit Medical)
for 2 minutes before connecting graft-phantom pairs to
the flow simulator. This same graft-wall interface was



Fig 1. Experimental methods and materials used. A, Empty phantom vessel condition. B, Phantom-background
combination connected to the flow simulator with the ultrasound probe placed on the background for image
collection, C, Graft implantation in a 28 mm phantom vessel with the yellow arrow annotating the region of
measurement. Image processing can be seen in (D)-(F). D, Finite element mesh overlaying B-mode ultrasound of
24 mm phantom without endograft. E, Resulting parametric imaging showing peak mean principal strain. F,
Parametric imaging of 24 mm phantom with graft B inserted for comparison. The color scale to the right of (F)
shows relative values that correspond to the degree of strain as demonstrated on parametric imaging over the
cardiac cycle. Grafts A-D used in the experiment are also displayed with the yellow lines demonstrating
approximate locations for data collection.
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established between oversizing conditions. One of each
type of graft was implanted into the three phantoms
and was used for all experiments. Data replicates were
done in the same phantom model per study group.
Grafts were removed by gently rolling phantoms inside
out, plus gentle traction provided by Debackey forceps.
Water absorbing beads (Notchis Colorful Water Gel
Beads, Amazon) were placed in the water bath for addi-
tional phantom support and to improve acoustic condi-
tions (Fig 1).
Water was pumped through the phantom using a Viv-

itro SuperPump cardiac simulator. The pump was driven
by a preinstalled waveform, Physio_70, which has a duty
cycle of 35%, a pump rate of 1.17 Hz or 70 BPM, and pro-
duces physiologic pulsatile flow. We first established an
average flow of approximately 3.5 L/min to operate our
system. Two inline Transonic ME 13 PXN flow probes
monitored flow, with one placed proximally and one
distally. Flow was measured using a Transonic TS410
flow meter, which output analog pressure readings to a
data acquisition system (DAQ National instruments
USB-6005) for recording. The distal resistance dial modu-
lated the average pressure in the circuit. Refinements in
PP were made by adjusting the air-fluid ratio of the
compliance chambers. Pressure was detected by a single
Millar Mikro-Cath pressure probe placed directly inside of
the phantom during the trial. Tests were performed at a
maximum pressure of approximately 40mmHg and PPs
of approximately 35 mm Hg across all conditions. A heat-
er was placed in the loop to heat circulating fluid to
37:8 �C (100 �FÞ to mimic heat-related effects at body
temperature.
Transverse plane images of the main body of each graft

were collected with the Ultrasonix Sonix-Touch US Sys-
tem (Anologic OS) and the Ultrasonix C7-3/50 convex
transducer. Image quality was optimized by adjusting
sector, depth, and gain. Images were recorded at a fre-
quency of 5 MHz with standard B-mode ultrasound (US
image. The US image plane was held in place approxi-
mately 25 mm distal to the proximal ends of each graft,
and five successive US cine loops were recorded in the
exact location at the graft-phantom interface.
Radiofrequency US image sequences from each cine

loop were uploaded to MATLAB (Mathworks) for strain
analysis as described in our previous work.16 PP values
were manually recorded during each trial.



Fig 2. Raw dataset of pressure-normalized strain values associated with each graft manufacturer. Results of
analysis of variance are shown above each bracket indicating the compared conditions. The asterisks above the
brackets represent a significant result, whereas “ns” denotes a nonsignificant result. Across all graft manufacturers,
there was a significant difference between the empty phantom condition and all oversizing conditions. There was
also a significant difference when comparing the 50% condition with the 30% and 20% conditions across all
manufacturers. In addition, there was no significant difference when comparing the 20% and 30% oversizing
conditions for any of the manufacturers. Graft compositions were polyester/stainless steel 36 mm in diameter (A),
polyester/electropolished nitinol 36mm in diameter (B), PTFE/nitinol 35 mm in diameter (C), and nitinol/polyester/
platinum-iridium 36 mm in diameter (D). Phantom vessel sizes were 24, 28, and 30 mm in diameter. PTFE, pol-
ytetrafluoroethylene; PP, Pulse pressure.
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Fig 3. A, Linear regression associated with the four individual grafts. B, The all-graft average percent pressure-
normalized strain reduction. Exact values used can be seen in Table II. C, Equations associated with the linear
regressions for grafts A-D and the all-graft average. Coefficients of determination are also included with asterisks
to indicate statistical significance (P < .0001). PP, Pulse pressure.
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Image processing and data analysis. For each captured
cine loop, two independent observers on the study team
selected frames over one simulated cardiac cycle (end-
diastole to end-diastole), defined as the point where
the phantom luminal area was minimized. Each
observer then used our MATLAB code to select a region
of interest between the inner and outer vessel walls for
strain analysis. Our custom algorithm then overlayed a
2D finite element mesh on the region of interest to track
the frame-by-frame displacement values on the finite
element mesh. The resultant displacement vector field
was then used to calculate 2D strain tensor fields, as
described by our prior work.23 Peak strain corresponding
to the frame with the maximum mean principal strain
(εrþ) was divided by the PP associated with the trial to
yield εrþ/PP. Finally, a parametric image of this frame
depicting instantaneous relative regional strain was
generated (Fig 1), similar to methods in other studies.23,26

A total of 75 independent tests were performed yielding
75 pressure-normalized strain reduction values. εrþ/PP in
each trial was averaged according to manufacturer and
phantom size. One-way analysis of variance testing and
post hoc analysis with Tukey’s honestly significant dif-
ference were performed for intragraft comparisons
(Fig 2). The average percent εrþ/PP reduction was calcu-
lated according to the manufacturer for each oversize
condition. To calculate average percent pressure-
normalized strain reduction, the average pressure-
normalized strain of the oversized condition associated
with a manufacturer was subtracted from the average
pressure-normalized strain of the corresponding empty-
phantom condition. The difference between these values
was then divided by the same average pressure-
normalized strain associated with the empty phantom
and the result was multiplied by 100 to yield a percent.
These values were used for linear regression and to
compute an all-graft average for linear regression with
corresponding coefficients of determination ðR2Þ (Fig 3).
RESULTS
Interobserver reliability. The degree of concordance

between the two recorded observer values for each trial
was determined by a two-way intraclass correlation co-
efficient (ICC). The calculated ICC indicates high
concordance between observer values (ICC ¼ 0.94, 95%
confidence interval: 0.91-0.96, n ¼ 75).

Graft comparisons by analysis of variance analysis.
Across all graft manufacturers, there was a significant dif-
ference between the empty phantom condition and all
oversizing conditions as demonstrated in Fig 2 (F(3,
56) ¼ 106.7 [graft A], 132.7 [graft B], 106.5 [graft C], 105.7
[graft D], P < .0001 for grafts A-D). To further evaluate
intergroup differences across the oversizing conditions



Table I. Average pressure-normalized strain by manufacturer and approximate percent oversize with no-graft values for
comparison

Approximate percent
oversize, %

Average pressure-normalized strain values (%/kPA), mean 6 SD

Graft A Graft B Graft C Graft D No graft

20 0.83 6 0.05 0.72 6 0.03 0.84 6 0.11 0.83 6 0.10 1.19 6 0.08

30 0.79 6 0.07 0.76 6 0.12 0.74 6 0.09 0.79 6 0.10 1.26 6 0.09

50 0.57 6 0.05 0.48 6 0.03 0.50 6 0.06 0.50 6 0.05 1.03 6 0.05

SD, Standard deviation.
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for each of the grafts, post hoc comparisons were con-
ducted using Tukey’s honestly significant difference test
(Fig 2). Post hoc analysis demonstrated a significant dif-
ference when comparing the 50% condition with the
30% and 20% conditions across all manufacturers (P <

.0001). No significant differences were found when
comparing 20% to 30% oversizing. There was also no
significant difference in εrþ/PP between graft manufac-
turers across the individual oversizing conditions.

Average percent εrþ/PP reduction. Ten εrþ/PP values
were calculated for each graft per phantom using the
five US cine loops. Mean εrþ/PP values associated with
each of the oversizing conditions (Table I) were used to
calculate the average εrþ/PP reduction. The greatest
reduction in εrþ/PP was observed in the 24 mm phantom
in all grafts. All graft compositions had a positive, statis-
tically nonsignificant, correlation associated with the
percent εrþ/PP reduction vs percent oversizing (Fig 3).
The mean of the average percent reductions across all
oversizing conditions was plotted and showed a signifi-
cant, positive correlation with percent oversizing (R2 ¼
0.84, P < .0001) and suggests that, on average, εrþ/PP will
be reduced by approximately 0.59% for every percent
increase in graft oversize.
DISCUSSION
Although EVAR has become the preferred method for

surgically treating AAAs, long-term durability of EVAR
continues to be a serious concern, as up to 30% of these
patients will require secondary intervention after
10 years.1,27 The causes of reintervention arising from
aneurysmal neck pathology are among the most signifi-
cant, including neck dilation, type 1 endoleak, and graft
migration.28 Rupture, perhaps the most devastating
consequence of graft failure, is most often caused by
endoleak with the highest proportion of cases arising
from proximal (type 1A) seal failures.29 Clearly, the prox-
imal aneurysm neck plays a vital role in influencing treat-
ment outcomes. Unfortunately, the factors that benefit
or harm the neck are not fully understood. Although
controversial, the degree of graft oversizing is one factor
implicated in aneurysmal neck degeneration and prox-
imal seal failure. In a prospective study on a small group
of patients treated with Ancure endografts (Guidant)
oversized by 2 to 4 mm, Prinssen et al30 observed a
continuous, linear increase of approximately 1 mm/y in
diameter at the graft wall interface over 2 (N ¼ 27) and
3 (N ¼ 13) years. The Ancuredcomposed of unsupported
woven polyesterdwas removed from themarket in 2003,
so it is unclear how these findings impact our under-
standing of the effects of oversizing in the present study,
but they may shed light on how graft technology itself
plays a role in influencing treatment outcomes. Mona-
han et al31 conducted a similar study examining neck
dilation in patients (N ¼ 46) who received EVAR with
the Zenith endograft (Cook). Although they did observe
a positive correlation between proximal neck dilation
and percent oversizing, they found that neck dilatation
developed fastest during early follow-up but was limited
by endograft size and was not significantly associated
with type 1 endoleak or graft migration. These findings
are supported by other studies in the literature that
made similar conclusions.32-34 The direct impact of over-
sizing on endoleak and migration is also inconclusive.
Some graft oversizing is necessary to achieve the radial
force required for an adequate seal. Most graft IFUs
recommend oversizing between 10% and 20%.25 One
study that was a part of the EUROSTAR registry found
that the risk of endoleak decreased when endografts
were oversized by 10% and up to 25%, especially in pa-
tients with favorable neck anatomy.35 A high degree of
oversizing however may increase the risk for adverse out-
comes. Sternbergh et al12 examined the effect of graft
oversizing on endoleak and migration in 351 patients
who received the Zenith AAA endograft. They found
that graft oversizing beyond 30% resulted in a 14-fold in-
crease in graft migration (>5 mm) at 1 year and was asso-
ciated with a 16-fold increased risk of sac expansion at 2
years. Interestingly, they did not detect a significantly
increased risk in endoleak associated with a high degree
of oversizing, potentially highlighting the importance of
other factors like patient-specific anatomy and the ten-
dency to oversize more generously when unfavorable
anatomic conditions are present. Several other studies
have found no significant link between oversizing and
endoleak or migration.36-39 Indeed, there is no consensus
on the clinical impact of graft oversizing. These effects



Table II. Calculated values associated with the average percent pressure-normalized strain reduction by manufacturer and
approximate percent oversize

Approximate percent
oversize, %

Average percent pressure-normalized strain reductions (%)

Graft A Graft B Graft C Graft D All-graft average, mean 6 SD

20 30.0 39.2 28.9 30.4 32.1 6 4.7

30 37.2 39.6 41.7 37.5 39.0 6 2.1

50 44.4 52.8 51.6 51.0 50.0 6 3.8

SD, Standard deviation.
Values associated with grafts A, B, C, and D were averaged to produce the all-graft averages. All-graft averages were plotted with linear regression seen
in Fig. 3.
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may be better elucidated by examining the biome-
chanics associated with graft implantation in a labora-
tory setting given the challenges of conducting a
similar investigation clinically, which was the aim of the
current study.
In an earlier study, our group examined the biome-

chanical changes imparted by EVAR endografts on the
aneurysm sac. We observed that stiffness in the sac
increased immediately after graft deployment via a
decrease in pressure-normalized strain (εrþ/PP).16 These
findings led us to hypothesize that stiffness in the neck
of aneurysms also increases after EVAR. We tested this
hypothesis in a laboratory setting by implanting various
commercially available endografts (A, B, C, and D) in
hydrogel phantoms (24 mm, 28 mm, and 30 mm) and
measured εrþ/PP using ultrasound elastography. Hydro-
gel phantoms were constructed as axisymmetric tubes
to approximate idealized aneurysmal necks. In addition,
we calculated the percent reduction in εrþ/PP associated
with each trial before averaging these values for each
graft per phantom size. We found that the percent
reduction in average pressure-normalized strain
increased as the degree of graft oversizing increased. At
the most basic level, stent grafts can be thought of as
springs. Based on Hook’s law of springs, we approxi-
mated the reduction in εrþ/PP with linear regression.
The all-graft average percent εrþ/PP reduction across
graft manufacturers showed a considerable correlation
between the degree of graft oversizing and stiffness
reduction (R2 ¼ 0.84, P < .0001). This regression suggests
that, on average, pressure-normalized strain will reduce
by approximately 5.9% for every 10% increase in graft
oversize. The linear relationship for each graft comple-
ments these findings (Fig 3). Although our measure-
ments appeared to be linear, the nonlinear behavior of
vessel tissue suggests that with more trials and more
extreme degrees of oversizing, the relationship between
the εrþ/PP reduction and graft oversizing may not be
linear.
From a biomechanical perspective, increasing the stiff-

ness of nonaneurysmal vascular tissue has been shown
to have negative consequences. A systemic review and
meta-analysis on the effects of arterial stiffness deter-
mined that an increase in stiffness corresponding to an
increased pulse wave velocity of 1 m/s resulted in a 15%
increase in both cardiovascular mortality and all-cause
mortality.17 They conclude that aortic pulse wave velocity
(stiffness) is a strong predictor of future cardiovascular
and mortality events. Similar studies have concluded
that deviations from native arterial compliance lead to
arterial dysfunction and vascular pathology.18,19 Morris
et al18 conducted an experiment to examine the biome-
chanical effects that stent grafts have on native vessels.
They concluded that substantial abdominal aortic stiff-
ening after stent-graft implantation may impede blood
flow and increase mechanical stress at the stent-artery
interface. Furthermore, they recommend that future
stent grafts incorporate a more compliant proximal
side to better mimic native arterial compliance. A similar
experiment on the effects of compliance mismatch be-
tween four commercially available grafts and the arterial
wall found that grafts decrease aortic wall compliance
after implantation. They further recommend a graft
design that preserves aortic elastic recoil to reduce the
risk of device-related complications.19 Our current study
may complement these findings, as we did observe a
marked increase in stiffness with greater endograft over-
sizing, especially when comparing the 20% and 30%
conditions with the 50% condition. On the basis of our
results, we hypothesize that graft implantation results
in increased prestrain at baseline (a diastolic correlate)
compared with the empty vessel condition. This increase
may be quantified by the average percent εrþ/PP reduc-
tion associated with each graft-phantom combination.
This metric has the potential to quantify AAA stability af-
ter endograft deployment.
Experimental research has shown that changing levels

of stress and strain on blood vessels can trigger remodel-
ing and prompt vessel growth.40 A study in rats showed
that smooth muscle cell orientation within blood vessels
is impacted by tensile strain that plays an important role
in pathologic remodeling and physiologic blood vessel
growth.41 Stiffer vessels expand and contract to a lesser
degree than healthy elastic vessels. Accordingly, stiffer
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tissue can be described as less pulsatile than compliant
tissue. This is an important observation because evidence
suggests that pulsatile blood flow and compliant vessels
are required to maintain proper biologic arterial function.
For example, experimental research has demonstrated
that nonpulsatile flow impacts the normal exchange of
constituents between interstitial and lymphatic fluids,
potentially leading to metabolic derangements like
acidosis.42 Pulsatile flow has also been shown to impact
blood pressure control by indirectly activating barore-
ceptors through arterial wall stretching.43 These findings
suggest that baseline changes in biomechanical proper-
ties may result in deleterious biological, structural, and
cellular changes, especially in cases of EVAR failure
arising from neck pathology.

Limitations. The purpose of our study was to investi-
gate how oversized EVAR graft main bodies mechani-
cally affect vessel-like walls in an idealized experiment.
Changes to the study design, however, could impact the
outcome. A more anatomically accurate model might
produce results that are more clinically translatable.
However, in light of the question we were attempting to
answer, we felt that an axisymmetric tube was a basic
approximation for aneurysmal neck morphometry. This
may also challenge our use of the term “seal zone” as our
model did not include a distal bifurcation. However, we
view the seal zone as fundamentally arising from the
radial force that is required to prevent endoleak, which
we did not observe in our experiment under US imaging.
Although phantom geometries were meant to mimic
idealized neck morphology, we recorded our measure-
ments approximately 25 mm distal to the most proximal
regions of each of the grafts that may extend outside the
seal zone in conventional cases clinically. Given our need
for a standard process and the uniformity in graft
composition, we believe that these data can be used to
infer trends about graft behaviors, especially when con-
cerning axisymmetric vessels. In addition, our model
vessel was 304.8 mm in length, which differs from
traditional IFU criteria for neck length and may result in
measurements that are inaccurate to in vivo stiffness
changes after EVAR clinically. It is also possible that our
results apply best to fusiform aneurysms given their
similar geometries.
We are further limited in our ability to apply the results

clinically, as in vivo stiffness measurements may differ ac-
cording to patient-specific factors like vessel geometry,
disease burden, and biology. Homogeneous phantoms
that model healthy tissue are imperfect in their approxi-
mation of aneurysmal necks, as in vivo, they are likely not
completely healthy. In future studies, it will be beneficial
to manufacture stiffer vessels to better mimic the tissue
that comprises aneurysmal necks in humans. In addition,
an experiment that tests oversizing conditions in the 10%
to 30% range might confer more clinical translatability.
However, we view our findings as an important step to
understanding vessel biomechanics after EVAR that
can be expanded on with a wider range of experimental
conditions.
In addition, measurements were recorded in only one

cross-sectional segment for each of the grafts per phan-
tom. It is possible that there are measurably different
εrþ/PP values along the lengths of each graft that we
did not detect. It may also be beneficial in future exper-
iments for all studied grafts to be of the same size, if
possible. In our case, the effect of the 1 mm size differ-
ence between graft C and the other three grafts is un-
clear, as there was no statistical difference between
grafts across any of the oversizing conditions. In addition,
data replicates were performed in the same phantom
model per study group, which does not account for po-
tential differences in phantom mechanics associated
with the manufacturing process. Despite these limita-
tions, the findings of the current study provide founda-
tional insights into the biomechanical effects imparted
to axisymmetric vessels after EVAR.

CONCLUSIONS
This is a proof-of-concept study suggesting that a

higher degree of graft oversizing leads to increased
εrþ/PP reduction and, potentially, increased stiffness in
axisymmetric vessels like the aneurysmal neck; this may
contribute to the dysfunction of healthy aortic tissue af-
ter EVAR including pathologic remodeling, endoleak
development, and graft migration. If our findings are clin-
ically confirmed, they suggest that rational EVAR graft
design may involve material compositions that allow
strain preservation in the neck of aneurysms with
decreased strain in the aneurysm sac. Our data also sug-
gest that relatively small changes in graft oversizing (ie,
20% vs 30%) may not result in statistically significant dif-
ferences, but it is unclear what effect this may have clin-
ically. This adds to the growing body of literature
showing the utility of strain analysis to evaluate AAA sta-
bility. Further research is needed to support these find-
ings and determine whether they are clinically
significant.
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