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A double-walled stent-graft (DWSG) design with a compressible gas layer was conceived
with the goal of treating hypertension in patients receiving an aortic stent-graft. Early
prototypes were developed to evaluate the design concept through static measurements
from a finite element (FE) model and quasi-static inflation experiments, and through
dynamic measurements from an in vitro flow loop and the three-element Windkessel
model. The amount of gas in the gas layer and the properties of the flexible inner wall
were the primary variables evaluated in this study. Properties of the inner wall had mini-
mal effect on DWSG behavior, but increased gas charge led to increased fluid capaci-
tance and larger reduction in peak and pulse pressures. In the flow loop, placement of
the DWSG decreased pulse pressure by over 20% compared to a rigid stent-graft. Capac-
itance measurements were consistent across all methods, with the maximum capacitance
estimated at 0.07 mL/mmHg for the largest gas charge in the 15 cm long prototype. Wind-
kessel model predictions for in vivo performance of a DWSG placed in the aorta of a
hypertensive patient showed pulse pressure reduction of 14% compared to a rigid stent-
graft case, but pressures never returned to unstented values. These results indicate that
the DWSG design has potential to be developed into a new treatment for hypertensive
patients requiring an aortic intervention. [DOI: 10.1115/1.4047873]
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1 Introduction

Chronic high blood pressure, or hypertension, affects about one
third of the adult U.S. population [1]. Multiple studies have shown
a strong link between hypertension and more serious cardiovascu-
lar diseases including stroke and ischemic heart disease [1-4].
Although a variety of factors may contribute to the development
of hypertension, the present work focuses on the role of aortic
stiffening.

The aorta, the largest artery in the human body, plays an essen-
tial role in conducting oxygenated blood from the heart to the vis-
ceral organs and major branching vessels. When an injury
develops in the aorta, either due to trauma or a chronic condition,
primary intervention focuses on preventing vessel rupture and
maintaining adequate blood flow. The most common types of aor-
tic implants are grafts and stent-grafts [5,6]. Aortic grafts are flex-
ible fabric tubes that are sewn end-to-end with the native aorta to
replace a damaged portion that has been excised. Stent-grafts,
which are fabric tubes reinforced with metal wires, are delivered
via an endovascular catheter and deployed to push against the
internal wall of the damaged aortic segment. Rather than com-
pletely replacing a length of the aorta, a stent-graft resides within
the native vessel and provides structural support to prevent
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occlusion or rupture. Stent-graft procedures have been gaining
popularity over open surgery in recent years due to reduced mor-
bidity and mortality [7].

Aside from its role as a conduit, the aorta plays a crucial role as
a reservoir in the arterial system. The elasticity of a healthy aorta
allows it to expand and contract with each heartbeat, storing and
releasing blood during cardiac systole and diastole, respectively.
By temporarily storing blood, the aorta promotes a steadier flow
to the peripheral vessels, thereby reducing the swing between sys-
tolic and diastolic pressures, also known as the pulse pressure.
Increased aortic stiffness, which occurs naturally with age, has
been identified as an independent risk factor for cardiovascular
events [8]. It has also been shown that increased arterial stiffness
is associated with increased blood pressure, due to increased wave
speed and pulsatility [9].

The capacitive function of the aorta has long been recognized
and quantified by both the scientific and medical communities, yet
it has been largely neglected in existing graft and stent-graft
designs. Dacron (polyethylene terephthalate) and other materials
commonly used for graft fabric are more than 20 times stiffer than
the healthy aortic wall [10]. The radial stiffness of a stent-graft
ensures that it protects the damaged aortic wall from pressure-
induced injury or rupture, but it also inhibits storage and release of
blood in that segment. With more studies emerging about the long-
term health effects of stent-grafts, it is becoming apparent that
matching aortic conductance alone is an insufficient standard [11].
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Incorporating both protection of the aortic wall and significant
fluid capacitance into a single stent-graft design is not a trivial
task—protection requires that the aorta is not subjected to large
oscillatory strains, but capacitance requires that the lumen volume
changes with blood pressure. Another difficulty arises when we
consider the fact that many patients receiving stent-grafts already
have a significantly stiffened aorta, which cannot provide the
capacitance seen in a healthy individual [12,13]. Approximately
40% of patients receiving stent-grafts to treat dissection in the
descending thoracic aorta are over 65 years of age [14], at which
point the aorta is more than twice as stiff as that of a young,
healthy individual [15]. The optimal stent-graft would shield the
aorta from stresses due to blood pressure and still would permit
changes in lumen volume in response to pressure changes, even if
the aortic wall itself cannot adequately stretch and recoil.

Efforts to develop a more compliant stent-graft to better mimic
the capacitive function of the healthy aorta are limited by the
extrinsic constraints of the existing diseased aorta. First, if the
device is in direct contact with the aortic wall along its entire
length, as is usually the case in the treatment of aortic dissection,
the overall compliance and capacitive characteristics of that aortic
segment are at best defined by the diseased, native aortic wall,
regardless of the graft material used. Simply put, the stent-graft can-
not make the native aortic wall (with which it is in contact) more
compliant, only less. In practice, all existing stent-grafts have been
demonstrated to add significantly to aortic rigidity [16]. Furthermore,
if the stent-graft is not in direct contact with the aortic wall except
for fixation at its two ends, as may be the case with an aortic aneu-
rysm, or where a stent-graft is theoretically designed to be narrower
in its central section to prevent direct wall apposition with the native
aorta, the intervening space will be filled with blood. If the stent-
graft works as intended, this blood will not flow and will clot, form-
ing a chronic thrombus, which is virtually incompressible [17], again
removing any capacitive potential. The clinical scenario in which
thrombus formation does not occur—so the space between the stent-
graft and the aortic wall contains flowing blood—is considered a
clinical failure termed endoleak, as it exposes the damaged aortic
wall to ongoing pressurization and risk of rupture [18].

In this paper, we present a novel, double-walled stent-graft
(DWSG) design which aims to address the issue of aortic capaci-
tance loss [19]. By introducing a permanent, compressible gas
interface between the aortic wall and an inner compliant lumen,
we intend to introduce a capacitive chamber that better resembles
healthy aortic function. An early prototype of the design was eval-
uated through pressure measurements in static and pulsatile flow
experiments. The results of these experiments were used to
develop more accurate computational models of the design and to
facilitate more thorough parameter optimization.

2 Methods

Figure 1 outlines the inputs and outputs to the models and
experiments that were used to characterize the DWSG and its
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predicted effect on cardiovascular health. Details of the DWSG
design, experimental methods, and computational models are
described in the following sections.

2.1 Device Design. The long-term objective of this investiga-
tion is to develop a new stent-graft design capable of maintaining
or lowering blood pressure in patients requiring aortic repair. An
implant designed to help control blood pressure could reduce
patient dependence on antihypertensive medications and lower
risk for subsequent cardiovascular events. The goal of the pro-
posed design is to counteract high blood pressure by partially
restoring fluid capacitance lost due to vascular stiffening and
stent-graft rigidity. One key requirement for the design is that it
be an endovascular device, which would reside within the lumen
of the native aorta. Based on this constraint, it is necessary that
the capacitive function operate within a completely rigid aortic
wall. To this end, we needed to investigate whether the aorta
could tolerate some reduction in lumenal area, if the reduced area
facilitated increased capacitance. Compared to the rest of the arte-
rial system, the aorta has negligible flow resistance; if the lumen
were reduced in diameter by a small percentage, we hypothesize
that this area could be used to incorporate capacitance without
introducing significant flow resistance.

Fluid capacitance C is defined as the derivative of fluid volume
stored in the lumen, Viymen, With respect to lumen pressure, Pjymen
(Eq. (1)) [20].

_ dvlumen

=— 1

dp lumen ( )
If we assume the stent-graft will occupy a fixed length of the
aorta, then the only way to vary the stored volume of fluid within
that fixed length is to vary the lumen radius. Assuming a fixed
outer wall, corresponding to the nearly rigid native aorta, or the
rigid stent-graft that protects the injured aorta from cyclic loading,
variable lumen radius can only be achieved by a compressible
layer within the stent-graft.

We propose a DWSG design, which incorporates a compressi-
ble layer of carbon dioxide (CO,) gas between a stiff outer wall
and a flexible, elastic inner wall (Fig. 2(a)). The outer wall, like
existing stent-grafts, holds the device in place and protects the dis-
eased aortic wall from pressure-induced injury. The inner wall
passively transmits the lumenal pressure to the contained gas,
which consequently compresses during systole and expands dur-
ing diastole. According to the Ideal Gas Law, a gas subjected to
normal blood pressure levels (120/80 mmHg) should experience a
roughly 5% volume change between systole and diastole
(40 mmHg change in pressure versus approximately 860 mmHg
absolute pressure); because the DWSG is targeted at patients with
high blood pressure, a 5% volume change is a conservative
estimate.

The rationale for including a layer of CO, gas within the device
is that there must be some compressible material separating the
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Fig. 1 Flowchart depicting the procedure followed to characterize the DWSG and predict its performance. The sections of

this paper that describe each method are denoted, when applicable.
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Fig. 2 (a) Diagram of the DWSG design, with a stiff outer wall
pushing radially outward against the aortic wall and a flexible
inner wall containing a gas layer. (b) Photo of the DWSG proto-
type (15cm length) used for the static and dynamic experi-
ments. Latex tubes with different diameters and prestretches
were used to achieve a range of inner wall properties.

two walls in order for the device to have capacitive behavior. If a
liquid were used instead, then the inner elastic wall would not be
able to expand due to the incompressible nature of liquid. If all
material were evacuated from that space, a vacuum would form,
causing the elastic wall to get pressed directly against the stiff,
outer wall. Filling the space with a compressible gas is the most
practical way to achieve local capacitance. Specifically, CO, was
chosen due to its ability to absorb safely into the bloodstream
[21]. Any other biocompatible gas would be an adequate
substitute.

The primary variables of interest in the DWSG design are the
amount of gas contained, the overall length of the device, and
properties of the inner wall, including stiffness, thickness, and
unloaded diameter. The properties of the outer wall are not critical
to device function because this wall only serves as an anchor for
the device, holding it fixed against the stiff aortic wall. As
explained earlier, any compliance in the outer wall of the DWSG
is overridden by the stiffness of the aorta. In this study, the outer
wall properties and the overall length of the device were kept con-
stant, and the effects of the amount of gas and inner wall proper-
ties were evaluated.

Prototypes of the DWSG (Fig. 2(b)) were built using stiff
2.54cm (1 in.) diameter PVC tubing for the outer wall and a thin
latex tube (Penrose drain) with a diameter of 1.9cm (3/4 in.),
2.22cm (7/8 in.), or 2.54 cm (1 in), for the inner wall. In addition
to being inexpensive and readily available, PVC is nearly rigid
under the loading conditions considered; thus, it represents the
worst-case scenario in which the surrounding vessel wall and/or
stent-graft wall offer no compliance, and all flow capacitance
must come from compression of the gas layer. Devices were
assembled by threading the latex tube through the lumen of the
PVC tube and stretching either end of the latex tube around the
outside of the PVC, creating a sealed space between the two
layers. Prototypes were built with the latex tube prestretched to
5% and 50% to artificially create inner walls with different
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stiffnesses. The ends of the latex tube were anchored using PTFE
tape and a layer of Parafilm (Sigma-Aldrich, Merck KGaA, Darm-
stadt, Germany) to secure the tape. A port in the wall of the PVC
tube was connected to an external luer lock valve, which was used
to add or remove gas from the space between the two tubes.
Although CO, would be the preferred gas in an in vivo device,
tests were conducted using atmospheric air due to its similar
mechanical behavior and ample availability.

2.2 Experimental Methods. Prototypes of the DWSG were
tested in static inflation and in dynamic flow loop experiments.
Through static inflation, the capacitance was measured and com-
pared among different DWSG configurations, while changes in
dynamic system pressure were observed for different prototypes
in the flow loop experiments.

2.2.1 Static Inflation. The capacitance of each DWSG proto-
type was calculated as defined by Eq. (1). Prototypes were fabri-
cated with a total length of approximately 18cm, but all tests
were conducted with a standard length of 15 cm by mounting each
prototype within the same fixture that had 2.54 cm (1 in.) diameter
barbed hose connections with inlets spaced 15cm apart. The fix-
ture had caps on either end to create a closed system once the pro-
totype was inserted. Two ports in the fixture were used for
connection of (1) a syringe for addition and removal of fluid and
(2) a pressure transducer (P55, Validyne Engineering, Northridge,
CA) to record lumen pressure at each volume. All tests were con-
ducted at room temperature.

For a given test, the DWSG prototype was mounted in the fix-
ture using hose clamps. A syringe was used to fill the prototype
with a given gas charge, which was recorded as the gas volume at
atmospheric pressure. The lumen of the closed system was evac-
uated of air and filled with water. The pressure sensor was used to
ensure that the lumen pressure was ultimately returned to atmos-
pheric level, which was set as a zero point. A syringe pump (KD
Scientific, Holliston, MA) mounted with a 10 mL syringe was
used to add water to the lumen in 0.5 mL stepwise increments
while the pressure was simultaneously recorded. Following 10 mL
injection, or if lumen pressure approached the 300 mmHg limit of
the pressure sensor, the pump was reversed to remove 0.5mL
increments of water until pressure returned to zero. This proce-
dure was followed twice for each prototype for a total of four
pressure measurements at each lumen volume. Measurements
from the pressure sensor were collected with a MATLAB script
(Mathworks, Natick, MA) via a USB-connected DAQ (Micro-
DAQ, Contoocook, NH). A volume—pressure curve was con-
structed for each prototype, and capacitance was calculated as a
function of lumen pressure by finding the slope between adjacent
points.

To estimate the flow resistance of the different DWSG proto-
types, photos were taken down the lumen of the DWSG at each
gas charge. The cross-sectional area of the lumen for each case
was measured by tracing it in IMAGEJ [22]. These estimates were
used to calculate flow resistance with Poiseuille’s law, assuming
constant cross section along the length of the prototype. We knew
that the assumption of constant cross section would not be true in
practice, but it provided a convenient and conservative (high) esti-
mate of resistance.

2.2.2 Flow Loop. The goal of the flow loop experiments was
to simulate implantation of the DWSG into the aorta to predict the
effect of different configurations on blood pressure. The flow loop
system (Fig. 3) consisted of a pulsatile flow pump, a compliant
arch, a fixture for DWSG prototypes, flexible tubing, a needle
valve, and a storage reservoir. The only component of the system
that changed between experiments was the prototype placed in the
fixture.

The pump (EnvivoPC, Maximum Fidelity Surgical Simula-
tions) enabled control of the stroke volume and pulse rate. The
compliant arch was constructed by painting layers of liquid latex
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Fig. 3 Diagram of the flow loop setup used for in vitro meas-
urements of pressure change caused by the DWSG prototypes.
The full model is designed to simulate the aorta and peripheral
vasculature; the DWSG prototype is positioned in the descend-
ing thoracic aorta.

onto a curved latex balloon base via a blotting technique (cf. [23])
to an approximate thickness of 3.8 mm. The arch was circumfer-
entially reinforced at four locations with vinyl tape to restrict
expansion and maintain relatively low compliance. The compli-
ance of the arch was not experimentally quantified, but it
remained constant throughout all experiments and was estimated
through the Windkessel model optimization, as described later in
Sec. 2.3.2. The prototype fixture enforced a DWSG length of
15cm as in the static inflation tests, and it was mounted in the
flow loop at a position representing the descending thoracic aorta.
A 2.54cm (1 in.) diameter semicompliant tube (Clearflex 60
PVC) downstream of the prototype fixture represented the abdom-
inal aorta, followed by a needle valve that was set to emulate the
peripheral vascular resistance and to maintain physiologic
pressure ranges in the DWSG. The outlet of the needle valve was
connected to the reservoir that fed the pump, thus forming a
closed-loop. To maintain constant outlet pressure, the outlet
drained above the fill level of the reservoir to open air. This
required the outlet to be elevated above the inlet, but the resulting
hydrostatic pressure was measured and subtracted off in all reports
of pressure.

Flow rate was measured upstream of the arch with two flow-
through meters (Gems Sensors, Plainville, CT) to capture the
wide range of flow rates (0 to >100mL/s) over each pump cycle.
Pressure was measured at two locations in the system: directly
upstream of the DWSG (Validyne) and upstream of the needle
valve (Harvard Apparatus, Holliston, MA). Only measurements
from the transducer upstream of the DWSG were used for the
analyses in this paper.

Water was used as the working fluid in all experiments because
viscous effects were not expected to have a major influence on the
general behaviors observed for different DWSG prototypes. This
expectation was reasonable based on the moderately high
(~1000) average Reynolds number in the system, but some flow
loop cases were duplicated with a high viscosity glycerol-water
solution to verify that trends were consistent. The same trend in
pulse pressure was found between the water and glycerol tests, but
no discernable trend in peak pressure was found in the glycerol
trials due to large variation in the mean pressure.

Both pressure transducers were zeroed at atmospheric pressure
before connection to the flow loop, and lumen pressure was
recorded with respect to the atmosphere. Measurements from the
flow and pressure sensors were collected with a DAQ and MATLAB
script as in the inflation experiments. Data collection was initiated
for each trial after the pump had run at least 10 cycles at the cur-
rent setting and was terminated after 30s.

Pressure upstream of the DWSG was analyzed to extract a max-
imum, minimum, and mean value for each cycle. Data from all
cycles were averaged and combined with other trials of the same
test condition. Pulse pressure, defined as the difference between
maximum and minimum pressures, was also calculated.

To evaluate the effect of the independent variables (gas charge,
inner wall diameter, and inner wall prestretch) on pressure
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changes, normalized peak and pulse pressure data were both fit
with linear models. The average pressure from each test condition
was normalized against the zero-gas-charge pressure for the same
inner wall configuration; this process set all of the zero-gas-
charge cases to zero and removed the effect of mean pressure vari-
ability caused by perturbations to the reservoir level. The linear
models (Eq. (2)) included noninteracting terms for gas charge V,,
ratio of inner wall to outer wall diameter d, and inner wall pre-
stretch /, with respective coefficients cy, ¢y, and ¢;. An additional
coefficient ¢ specified the intercept for the equation.

P=co+cy -Vo+cg-d+c)-A 2)

Equation (2) was used for both peak and pulse pressure models,
so P is a placeholder variable that could refer to either normalized
peak pressure or normalized pulse pressure. Coefficients for each
pressure measure were found using the Im() function in RStudio
[24]. Each data point was weighted by the inverse of its variance.
The P value for each coefficient being nonzero was found using a
two-sided #-test, with the significance criterion set as p < 0.05.

2.2.3 Experimental Design. A total of 28 DWSG configura-
tions were tested by varying inner wall diameter, inner wall pre-
stretch, and gas charge (Table 1). These cases were compared to a
rigid stent-graft case, in which zero gas charge was added to any
of the DWSG prototypes. A smaller range of gas charges was
tested when the inner wall prestretch was lower because the lumen
became almost completely occluded at 60 mL gas charge, causing
pressures to exceed measurable range. Flow loop experiments
were conducted with the pump set to a stroke volume of 30 mL,
with pulse rates of 40 and 60 beats per minute. Two additional
runs with the same pulse rates and a stroke volume of 15 mL were
conducted with zero gas charge to ensure that enough data were
available for model optimization. The flow loop was modeled
using a three-element Windkessel model, described below in
Sec. 2.3.2.

2.3 Computational Models. Two different computational
models were developed to describe the DWSG and predict its
effect on blood pressure. In both models, performance of the
DWSG is expressed in terms of resistance and capacitance.

2.3.1 DWSG Finite Element Model. An axisymmetric, quasi-
static finite element (FE) model was developed to reproduce
behavior observed in the static inflation experiments and to pre-
dict behavior for untested configurations. An axisymmetric model
of the DWSG inner wall was created in ABAQus (Dassault Sys-
temes, Vélizy-Villacoublay, France) using membrane-type ele-
ments to represent the thin latex tube. A mesh of the membrane
with 200 elements was used for all computations. The outer wall
was modeled as a fixed rigid boundary at a radius of 1.27cm
(14 in.). A prestretch condition was applied to the latex tube by
holding one edge fixed and axially displacing the opposite edge
by the appropriate distance. For tubes with a smaller radius than
the outer wall, both edges were then displaced to a radius of
1.27 cm to simulate stretching the tube around the outer wall. The
edges were held in this position for subsequent steps, in which a
series of pressures was applied to the outer face of the tube, repre-
senting inflation of the DWSG with different gas charges. To

Table 1 DWSG configurations tested in static and flow loop
experiments

Inner wall diameter (cm) Prestretch (%) Gas charges (mL at P =1 atm)

1.91 (3/4in.) 5 10, 20, 30, 40, 50
50 10, 20, 30, 40, 50, 60

2.22(7/8 in.) 5 10, 20, 30, 40, 50
50 10, 20, 30, 40, 50, 60

2.54 (1 in.) 50 10, 20, 30, 40, 50, 60

Transactions of the ASME



minimize computational cost, behavior of the confined gas was
not considered in the FE model itself. Rather, the output of the
model was the volume of the gas layer at different pressure differ-
entials (Pgys — Plumen) based only on mechanical stresses in the
inner wall (Fig. 4(a)). Since only the transmembrane pressure dif-
ference matters in constructing the curve in Fig. 4(a), a family of
Pgas — Plumen curves (solid lines in Fig. 4(h)) can be generated for
different Pyyyen values simply by shifting the original curve. Addi-
tional information is available from the Ideal Gas Law
(P1Vy = P,V, for an isothermal, closed system), allowing the
generation of a second set of Vs versus Py, curves (dashed lines
in Fig. 4(b)). Thus, for a given Pmen and gas charge, the final
configuration can be determined from the intersection of the two
curves.

Next, a curve of Viymen versus Ppmen Was generated from the
intersections in Fig. 4(b) at a series of Pymen values (Fig. 4(c)).
The slope of this curve was calculated to specify the capacitance
for that case. A different curve was generated for each gas charge,
for each inner wall diameter, and for each prestretch level.

The flow resistance, R, of the DWSG was estimated for Pois-
euille flow by integrating the inner wall radius, r, over the total
axial length of the device, L,

L

8

R= J “E 3)
o0 T

where r is a function of axial position x. The viscosity u was set to
3.45 x 107*Pa - s for blood to calculate physiologically relevant
resistance values, although water was used for the experiments.

2.3.2  Windkessel Model. The three-element Windkessel (Fig. 5(a))
[25] was first used to capture the behavior of the DWSG in the
experimental flow loop system; then it was used with published
parameter values for the arterial system to predict the effect of the
DWSG on blood pressure in a patient.

2.3.2.1 Flow loop model. Because the flow loop system was
built to mimic the human arterial system, it was reasonable to
model it using the three-element Windkessel. We chose not to use
the four-element Windkessel because it would provide only incre-
mental improvement over the chosen model, and we wanted to
minimize the number of parameters to estimate. One modification
to the standard Windkessel was that the peripheral resistance Rp
had contribution from two sources,

Rp = Rpwsc + Rp0 “4)

where the linear component Rpwsg accounted for the flow resist-
ance introduced by the DWSG prototype, while R}, represented
the needle valve, for which the pressure drop followed orifice flow
behavior and had a squared relationship with flow rate Q. Note
that the units of R, must be different from a normal resistor, to

larger gas
. _charge
WO g

= 9Viumen
dPlumen

8 8 g
O)| £
= = <
increasing
Plumen
T T T
Pgas = Plumen Pgas Plumen
(a) (b) (c)

Fig. 4 Workflow for calculating capacitance from the FE
model, where (a) is an example curve due to inner wall deforma-
tion, and (b) shows that curve (solid lines) translated into gas
volume versus pressure, with Ideal Gas Law curves (dashed)
intersecting at points that give the true behavior of the DWSG
system. In (c), those intersection points are plotted to show
how the lumen volume changes with lumen pressure. The slope
of this trend for a given gas charge is the DWSG capacitance.
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Fig. 5 (a) Diagram of the three-element Windkessel model
used to replicate flow loop measurements and predict physio-
logic behavior. P(t) is the pressure measurement across the
system, Q(t) is the flow rate input, Rc is the characteristic
impedance, C is the capacitance, and Rp is the peripheral
resistance. (b) Input flow rate Q(f) used in the Windkessel
model for the flow loop. Solid line is the measured flow from
the flow experiments, and the dashed line is the Fourier series
representation of that curve, which was used in Windkessel cal-
culations. (¢) Input flow rate Q(t) used in the Windkessel model
of the human arterial system [27]. Solid line is the flow reported
in the literature, and the dashed line is the Fourier series repre-
sentation of that curve, which was used in Windkessel
calculations.

cancel the units of volumetric flow rate Q. The experimentally
measured flow rate from the flow loop, Q(¢), was the input to the
model (Fig. 5(a)), and the pressure drop across the system, P(r),
was the measured output. The model was evaluated in the fre-
quency domain for the first 200 harmonics obtained when the flow
rate was decomposed using a Fourier series (dashed curve,
Fig. 5(b)) [26].

Parameter optimization was first conducted for a “rigid stent-
graft” case, where the DWSG prototype had zero gas charge
(Rpwsc = 0 in Eq. 4), so the inner wall was flush against the stiff
outer wall. This case was used to find values for R¢, Cy, and R},
where R¢ was resistance of the system upstream of the DWSG
prototype and Cy represented capacitance of the elastic arch and
other flexible tubing throughout the system. Parameters were
determined using fminsearch() in MATLAB by minimizing the error
between pressure waveforms in the model and in the experiment
for a series of flow conditions. Half of the experiments were used
to optimize the parameters, and the other half were used to assess
the predictive capability of the model.

The optimization procedure was repeated for each nonzero gas
charge, but now R¢, Cp, and R;, were held fixed and values for
Cpwsg and Rpwsg were estimated. The value of Cpwsg, which
represented capacitance of the DWSG prototype, was calculated
by subtracting C from the total capacitance output by the optimi-
zation. These estimates were compared to the capacitance and
resistance values from static measurements in Secs. 2.2.1 and
2.3.1. We hypothesized that the static capacitance calculation
would overpredict the apparent dynamic capacitance because the
DWSG gas layer would not have time to fully compress over
the course of a single pump stroke before expanding again when
the flow rate (and pressure) dropped.

2.3.2.2 Arterial model. After we had completed the Windkes-
sel parameter optimization for the flow loop experiment, the opti-
mized DWSG parameters were used to make predictions about
how the DWSG would affect blood pressure when implanted into
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a human aorta. These predictions were made for both a normoten-
sive and a hypertensive patient, to assess whether the DWSG
would have different impact depending on the condition of the
patient’s arterial system. Characteristic impedance R and periph-
eral resistance Rp were set to values reported by Kind et al. [27]
for normotensive and hypertensive patients.

In order to divide capacitance C into the contributions of differ-
ent aortic regions, a literature search was conducted to find aver-
age length L;, radius r;, wall thickness /;, and stiffness E; for the
ascending aorta and arch (i = 1), the descending aorta (i = 2),
and the abdominal aorta (i = 3) [28-31]. The resistance R; of each
segment was calculated using Eq. (3) and added to Rp. Resistance
of the aorta is negligible compared to the peripheral resistance,
but we included it in the total resistance in order to observe the
effect of DWSG resistance at high gas charge. The capacitance C;
of each aortic segment was calculated using Eq. (5), which was
derived from Law of Laplace for thin-walled pressure vessels.
Poisson’s ratio v = 0.5 was used under the assumption that the
vessel wall is incompressible. Table 2 summarizes the aortic prop-
erties and the calculated capacitance and resistance. The normo-
tensive case was developed using the aortic properties reported
for people under 30 years of age, and the hypertensive case used
properties for people over 70 years

v
(1 — E) nr?Li
Cr= ®)

The capacitance values found via Eq. (5) were much larger than
those typically reported for use in an arterial Windkessel model.
To resolve this inconsistency, the values in Table 2 were used
only to find the relative contribution of each aortic segment to the
total capacitance. After establishing these proportions, the actual
capacitance attributed to each segment was given by the total
capacitance reported in Ref. [27] multiplied by the appropriate
proportion.

Baseline blood pressures for the unstented cases were found by
running the Windkessel model with literature values only [27].
Because the target location for the DWSG is the descending aorta,
capacitance and resistance in this region were changed to simulate
placement of different stent-graft configurations. Placement of a
rigid stent-graft was modeled by setting C; = OmL/mmHg and
leaving R, unchanged. For each DWSG case, the capacitance val-
ues were taken from the average Windkessel fits from Sec.
2.3.2.1. Resistance measurements were taken from the FE model

Table 2 Properties of the aorta found in literature [28-31],
used to calculate Windkessel parameters for aortic resistance
R and capacitance C

Regional property Age <30yr Age >T70yr
Ascending L, (cm) [29] 10.0 0.7 13114

r (cm) [29] 1.38 £ 0.14 1.66 £0.21

E, (kPa) [30] 135 100

hy (cm) [28] 0.180 0.290

C, (mL/mmHg) 3.40 0.649

R, (mmHg-s/mL) 1.82%x107%  1.14x107*
Descending L (cm) [29] 13916 143+13

15 (cm) [29] 1.03 £ 0.08 1.21 £0.13

E, (kPa) [30] 13.9 56.8

hy (cm) [28] 0.176 0.215

Cy (mL/mmHg) 1.95 0.652

R, (mmHg-s/mL) 8.14x10"* 440x10*
Abdominal Ls (cm) [29] 15 15

3 (cm) [29] 0.91 £0.07 1.07 £ 0.16

E; (kPa) [31] 51 337

h3 (cm) [28] 0.114 0.192

C; (mL/mmHg) 0.611 0.0892

R; (mmHg-s/mL) 144%x10"*  754%x10"*
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(Sec. 2.3.1). A healthy aortic flow rate was used for Q(¢) with a
pulse rate of 55 beats per minute (Fig. 5(c)) [27]. The systolic,
diastolic, and mean pressures were calculated for each simulation
and were compared to the unstented and rigid stent-graft
pressures.

3 Results

Section 3.1 reviews the capacitance and resistance of the
DWSG, as determined by the static model and experiments, as
well as the Windkessel optimization. In Sec. 3.2, dynamic behav-
ior of the DWSG is first evaluated within the experimental flow
loop, and then predictions about physiologic pressure changes are
made by using the capacitance and resistance values in the Wind-
kessel model.

3.1 Characterizing the Double-Walled Stent-Graft. An
example mesh from the FE model is shown in Fig. 6(a) for a
series of gas charges, at two different lumen pressures. At a given
lumen pressure, a higher gas charge led to smaller lumen volume.
When lumen pressure was increased, the lumen volume also
increased, for a given gas charge. For each inner wall configura-
tion, there was a positive gas charge that led to zero pressure dif-
ferential between the gas and the lumen. Adding more gas led to a
positive gauge pressure in the gas layer, while adding less gas led
to a negative gauge pressure. No notable discontinuities arose in
DWSG behavior when transitioning between negative and posi-
tive gauge pressures.

3.1.1 DWSG Capacitance. Pressure—volume relationships for
each DWSG case were obtained from both the FE model and the
inflation experiment. The capacitance for each case was estimated
by taking the slope of the pressure—volume relationship for lumen
pressures between 40 and 250 mmHg. Linearity was a reasonable
approximation within these bounds for both the model (Fig. 6(b))
and experiment (Fig. 6(c)), although both showed slightly
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Fig. 6 (a) Example FE model output for a range of gas
charges at two lumenal pressures (0 and 100 mmHg). The
pressure—volume relationships for two gas charges are shown
for the FE model (b) and the inflation experiment (c¢). Dashed
lines show bounds on lumen pressure, between which the
slope was measured. All panels show results for the 1.91cm
(3/a in.) diameter inner wall, 50% prestretch DWSG case.
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Fig. 7 (a)—(e) Capacitance of different DWSG cases, as measured by the FE model, the Wind-
kessel model fit to flow experiments, and the inflation experiments. Rows separate inner wall
diameters and columns separate inner wall prestretches. (f) Average capacitance over all
cases for both models and the experiment. All error bars show 95% Cls.

sublinear behavior. Given that the FE model parameters were not
adjusted to fit the experiments, the agreement between the model
predictions (Fig. 6(b)) and the experimental measurements
(Fig. 6(c)) was quite good. The model could not be evaluated for
all cases because buckling of the inner wall caused the model to
fail; this behavior was observed most often with high gas charges.

Another estimate of capacitance was obtained by fitting the
flow loop experiments to a Windkessel model. Parameters of the
system were obtained through an optimization routine that mini-
mized error between Windkessel-predicted and experimentally
measured pressure profiles when the rigid stent-graft was placed.
DWSG resistance and capacitance were found by repeating the
optimization for each case and subtracting off the values from the
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rigid case. This procedure assumed that both resistance and capac-
itance of the rigid stent-graft prototype were negligible, which
was consistent with zero-gas measurements obtained with the
other methods.

Figure 7 compares capacitance measurements from the static
FE model, the inflation experiments, and the Windkessel fit for
each DWSG case. An increase in capacitance was observed with
larger gas charge for all inner wall diameters at both prestretch
levels. The three measurement techniques were in good agreement
with each other. For all five cases (Fig. 7(a)-7(e)), the FE model
underpredicted the experimentally measured capacitance, possibly
due to nonzero compliance of the outer wall in the prototypes
used with the experiment. This discrepancy is clear when looking
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Fig. 8 (a) Poiseuille resistance of the 1.91 cm (3/4 in.) diameter,
50% prestretch inner wall DWSG case, calculated from the FE
model and the prototype inflation. Photos of the prototype
show the lumen cross section for 0 and 60 mL gas charges. (b)
Comparison of cross-sectional profiles for the model and proto-
type from 10 to 60 mL gas charge (outside to inside). Each ring
shows the position of the inner wall at a given gas charge,
when a cross section is taken at the midpoint along the axial
length. The thick outer ring represents zero gas charge, when
the inner wall is flat against the outer wall.

at the average capacitance over all inner wall configurations for
each gas charge (Fig. 7(f)), where the FE model trends toward
zero capacitance at zero gas charge, whereas a capacitance of
0.0081 = 0.0085 mL/mmHg was measured for zero gas charge in
the experiment. The method for calculating capacitance with the
Windkessel model also led to zero capacitance at zero gas charge,
so these values tend to align more with the FE model than the
inflation experiment.

For any given gas charge, there was very little difference in
capacitance among the different inner wall configurations. The FE
model showed some dependence on inner wall configuration at
large gas charges, as seen by a wider confidence interval in the
calculated average capacitance (Fig. 7(f)); this dependence was
not evident from the inflation or Windkessel methods. Overall, a
linear relationship between gas charge and capacitance was appa-
rent, especially at lower gas charges.

3.1.2 DWSG Resistance. The flow resistance of each DWSG
configuration was calculated using Eq. (2), with radius measure-
ments from the FE model and the prototypes. In cases where the
inner wall of the prototype had buckled, the hydraulic diameter at
the narrowest cross section was used in the equation. Figure 8(a)
shows resistance measurements for the 1.91 cm (3/4 in.) diameter,
50% prestretch inner wall case. There is good agreement between
the model and prototype until the inner wall of the prototype has
buckled at 50mL gas charge, causing the resistance to spike.
Figure 8(b) shows the profile of the DWSG inner wall for gas
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charges from 10 to 60 mL for the FE model and the inflation. The
FE model did not predict that the inner wall would buckle until
above 60mL gas charge, but the premature buckling in the infla-
tion could be explained by a natural crease present in the latex
tubing that was used to construct the inner wall of the prototype.
The crease is visible in Fig. 8(b) at 40mL gas charge before full
buckling has occurred at 50 mL charge.

Resistance from the Windkessel fit was not comparable to the
static measurements because the low viscosity of water (used in
the flow experiments) caused the values to be extremely small
(~10~"*mmHg-s/mL). Minor variability in the mean pressure in
the flow loop, due to changing reservoir level between experi-
ments, caused significant variation in the fitted resistance.

3.2 Dynamic Behavior

3.2.1 Flow Loop Measurements. The effect of different
DWSG configurations on dynamic pressure was measured in an
in vitro flow loop. Although multiple flow rates were tested to
conduct Windkessel optimization, only the 60 beats/min, 30 mL
stroke volume flow case was used when reporting pressure
changes. Figure 9(a) shows an example pressure profile from the
flow loop measurements (solid line) and the corresponding fit
achieved with the Windkessel model (dashed line).

As gas charge was increased, peak pressure (Fig. 9(b)) and
pulse pressure (Fig. 9(c)) both decreased. At 60 mL gas charge, an
8% reduction in peak pressure was observed with respect to the
rigid stent-graft case (Fig. 9(d)). Pulse pressure changed more
significantly, with a 24% decrease compared to the rigid case
(Fig. 9(e)). Different inner wall configurations for the DWSG
appeared to have negligible effect on system pressure. This obser-
vation is consistent with the static results that showed the gas
charge dominating the capacitance and resistance measurements.

The normalized peak and pulse pressure data (Fig. 9(d) and
9(e)) were both fit to linear models of the form given in Eq. 2.
The coefficients and their corresponding P values are reported
in Table 3. For both the peak and pulse pressure measures, the
only variable with significant contribution to the pressure change
was gas charge. Normalized peak pressure exhibited a negative
dependence on gas charge with cy = —0.134 +0.005 mL~!
(mean = SE), while normalized pulse pressure showed a stronger
correlation with ¢y = —0.372+0.013 mL~'. The P value for
both of these coefficients was well below the cutoff for signifi-
cance. The coefficient for inner wall diameter ¢, was significant
in the pulse pressure model (p = 0.048), though the uncertainty in
the coefficient value was quite large (c; = —6.67+3.22).

3.2.2  Physiologic Predictions With the Windkessel Model.
The Windkessel model was evaluated to predict the effect of the
DWSG versus a rigid stent-graft when placed in the descending
thoracic aorta of normotensive and hypertensive patient models.
DWSG capacitance and resistance were defined using values from
the FE model (Table 4). Because inner wall properties were not
found to be significant, the average values for each gas charge
were used in this model. Flow rate Q(¢) was set to a physiologic
signal, and the resulting pressure profiles from the rigid stent-graft
case are shown in Fig. 10(a). The hypertensive case had signifi-
cantly higher pressures compared to the normotensive case for all
gas charges.

Increasing gas charge always decreased both the peak and pulse
pressure (Figs. 10(b) and 10(c)), but neither measure returned
to the unstented value for even the largest gas charge (60 mL).
Figure 10(d) shows that a rigid stent-graft increased peak pressure
by 25% in a hypertensive patient and 10% in a normotensive
patient, compared to the pressure in the unstented aorta. At maxi-
mum gas charge, this pressure increase compared to the unstented
case was only 19% in the hypertensive patient, while the 10%
increase persisted for the normotensive patient. The rigid stent-
graft had a greater effect on pulse pressure (Fig. 10(e)) with 72%
and 40% increases for the hypertensive and normotensive patients,
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Fig. 9 (a) Example pressure wave measured from the flow loop (solid line), with the Wind-
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each DWSG case as a function of gas charge; 95% CIl shown for n = 2. (d) Percent change in
peak pressure and (e) pulse pressure; Cl omitted from (d) and (e) for clarity.

respectively. The increase in pulse pressure reduced to 66% at
60mL gas charge for the hypertensive patient, while it decreased to
35% for the normotensive patient. In Fig. 10(d), it appears that the
normotensive patient would receive maximum benefit at 50 mL gas
charge, with pressure increasing slightly for 60mL. This result
reminds us that a balance must be maintained between the benefit
of increased capacitance and the cost of increased fluid resistance.

4 Discussion

4.1 Double-Walled Stent-Graft Design. We have created a
double-walled aortic stent-graft design with the goal of addressing
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the issue of persistent high blood pressure in patients who receive
standard, inextensible stent-grafts. The design leverages the com-
pressibility of biocompatible gas to provide fluid capacitance to
the arterial system without requiring the aorta itself to be distensi-
ble. Prototypes of the design were fabricated with PVC tubing for
the stiff outer wall and latex tubing for the flexible inner wall. Dif-
ferent gas charges and inner wall diameters were compared. The
impact of inner wall stiffness was also evaluated by prestretching
the inner walls to different levels before mounting them in the
prototype. These simplified prototype models were used to assess
the pressure-reduction capability of the design and to identify
which parameters had the greatest effect on this capability.
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Table 3 Coefficients for the linear models relating normalized
peak and pulse pressures to gas charge (cy), inner wall diame-
ter (c4), and inner wall stretch (c;)

Coefficients Value = SE P value
Peak pressure co —0.322+1.322 0.809
cy (1/mL) —0.134 = 0.005 <2x107'¢
Cq —1.115*1.183 0.354
c; 0.527 = 0.559 0.354
Pulse pressure co 2.429 +3.448 0.487
cy (1/mL) —0.372 £ 0.013 <2x 1071
Cq —6.670 £3.219 0.048
c; 1.038 = 1.521 0.500

Model intercept is given by co. SE refers to the standard error. P values
reported from a two-sided 7 test.

Table 4 Capacitance and resistance measurements of the
DWSG used for physiologic predictions in the Windkessel
model. Reported as mean = 95% CI.

Gas charge Capacitance Resistance

(mL) (mL/mmHg) (x 107* mmHg-s/mL)
0 0 3.85

10 0.0160 £ 0.0081 5.19+0.14

20 0.0236 * 0.0066 7.34 +0.36

30 0.0296 £ 0.0101 11.0x14

40 0.0346 = 0.0089 19.0£5.3

50 0.0414 = 0.0060 39*16

60 0.0472 £0.0172 86 = 68

This preliminary study served as a means to demonstrate that a
small volume of gas could cause meaningful pressure reduction in
a system with conditions comparable to in vivo. The DWSG pro-
totypes were built to allow the amount of gas and the inner wall
properties to be changed easily, while the outer wall remained
unchanged as an essentially rigid boundary. Although standard
stent-grafts are not completely rigid, we used a rigid outer wall to
isolate and quantify the effect of the gas compression in the
DWSG prototypes. Any additional benefit from a more compliant
outer wall would depend on compliance of the native aorta within
which the device is placed.

Results from this preliminary study have encouraged us to pro-
ceed with designing a more realistic DWSG prototype that can be
tested within ex vivo cadaveric models and in animal models.
Moving forward with development of the DWSG, we will need to
address a handful of design challenges. The material selected for
the inner wall must be highly impermeable to CO,, to prevent
reduced performance of the DWSG due to gradual diffusion of the
gas layer. The results of our preliminary work have shown that the
mechanical properties of the inner wall have little effect on the
behavior of the DWSG, as long as the wall is flexible enough to
transmit lumenal pressure to the gas. This finding means that the
wall material can be optimized to minimize gas exchange. To fur-
ther address the potential for gas leakage, the final design will
incorporate several independent gas pockets, such that the gas
layer resembles bubble wrap or closed-cell foam. Though this
compartmentalization will reduce the amount of gas that can be
contained for a given reduction in lumenal area, it will ensure that
puncture or leakage from one region will not disable the entire
system. Dynamic flow simulations will be conducted to find a
configuration of gas pockets that causes the least flow disturbance.

Another uncertainty is how the DWSG will be deployed percu-
taneously through a catheter of similar diameter to those used
with current stent-graft systems. To crimp the DWSG to a small
enough size, the gas will need to be added after deployment in the
aorta. Strategies for remote inflation will be drawn from existing
products such as the Nellix EndoVascular Aneurysm Sealing
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System [32] and other devices that are filled with fluid percutane-
ously and then disconnected from the filling system.

4.2 Double-Walled Stent-Graft Capacitance and Resist-
ance. The only design parameter in this study that was found to
affect the DWSG capacitance significantly was the amount of gas
loaded into the space between the inner and outer walls. As expected,
a larger gas charge led to larger capacitance values but also higher
flow resistance. The DWSG resistance remained several orders of
magnitude below the resistance of the peripheral vasculature up to a
charge of about 60mL, at which point the inner wall of some of the
prototypes had completely collapsed and would not allow sufficient
flow to pass through. This behavior was more severe in cases where
the inner wall was stretched to only 5%, indicating that stiffness of
the inner wall material will be an important parameter to investigate
further. The FE model, which successfully captured the behavior of
the DWSG prototypes at gas charges up to 40 mL, will be an impor-
tant tool that can be used to further investigate the design space as it
relates to capacitance and resistance measurements.

4.3 Pressure Reduction With the Double-Walled Stent-
Graft Design. Flow loop testing and the Windkessel model both
showed that the DWSG led to reduced pressure compared to a
rigid stent-graft. Inner wall diameter and prestretch did not signifi-
cantly affect this behavior, whereas both peak and pulse pressure
decreased linearly with increased gas charge. This behavior was
apparent in Figures 9(b)-9(e) and was confirmed by analyzing the
coefficients of a linear model. The increase in flow resistance
caused by the narrowed lumen of the DWSG did not appear to
affect pressure even at high gas charge in the flow loop, suggest-
ing that the benefit of increased capacitance outweighs the adverse
effect of decreased flow area. Although the flow loop was
designed to mimic the arterial system, some limitations of this
system were a simplified inflow waveform, nonlinear peripheral
resistance, and use of water as a working fluid. Although these
were limitations in the physical flow loop model, they did not
apply to simulations done with the Windkessel model. One con-
cern with using water for the dynamic experiments was that flow
resistance from the narrowed DWSG lumen would be underpre-
dicted in comparison to the physiologic case where higher viscos-
ity blood would flow through the same area. In the Windkessel
model, with the fluid given blood viscosity, we still observed a
trend of decreasing peak and pulse pressures as gas charge
increased. The magnitude of pressure reduction in the Windkessel
model was attenuated compared to the experimental results; this
attenuation could be explained if the pressure decrease from
DWSG capacitance was being more strongly counteracted by the
pressure increase due to DWSG resistance.

The physiologic Windkessel model, with DWSG parameters set
from the flow loop experiments, predicted a less substantial pres-
sure reduction than was seen in the flow loop. This diminished
effect could be explained by the higher fluid viscosity in this
model, as described above, or by the significant compliance that
the native arterial system has outside of the stented region. Con-
sistent with that explanation, a simulated hypertensive patient saw
greater benefit from the DWSG because the descending aorta con-
tributed more to the overall capacitance and constituted a greater
loss when made rigid via stenting. In both the hypertensive and
normotensive simulated patients, a 15 cm DWSG was not able to
restore pressure to unstented values, but this was in a model with
a compliant proximal aortic arch and a stented descending aortic
segment. We suspect that for a patient with pathology resulting in
significantly diminished native aortic compliance, approaching
the characteristics of the rigid outer graft, the DWSG may show
actual improvement in hemodynamics. It is worth noting that
even a 10 mmHg reduction in systolic pressure has been shown to
decrease the risk of cardiovascular disease by 20% [33].

There is preliminary evidence that the DWSG could improve
cardiovascular outcomes over standard stent-grafts, but our next
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Fig. 10 (a) Example pressure waves for hypertensive (solid line) and normotensive (dashed
line) patients with a rigid stent-graft, as predicted by the Windkessel model with physiologic
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cent change in (d) peak pressure and (e) pulse pressure, compared to the unstented condi-
tion for both hypertensive (“0”) and normotensive (“x”) cases.

step is to gain a deeper understanding of the hemodynamic effect
that the DWSG has in patients with a range of aortic properties.
We saw that the narrowed lumen of the DWSG introduced negli-
gible flow resistance into the system, but local flow behavior (tur-
bulence, stagnation zones, wall shear stress) at the DWSG-aorta
interface could not be characterized through the methods in this
study. Development of a fluid—structure interaction model will
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give us the opportunity to evaluate different DWSG configura-
tions in models with various physiologic flow conditions, vessel
stiffnesses, and aortic geometries. A challenge with the
fluid—structure interaction model is that the gas layer, contained
by the flexible inner wall, introduces both another fluid phase and
the need for membrane physics in the simulation. We are currently
working to create a solid analog to capture the DWSG behavior to
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make the simulations less complex. With information from the
present study and future hemodynamic analyses, we will be able
to identify the patient parameters (including stent-graft location,
vessel compliance, peripheral vascular resistance, etc.) that are
best suited to benefit from the DWSG design.
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Nomenclature

¢ = linear model coefficient
C = fluid capacitance
d = ratio of inner wall diameter (unstretched) to outer wall
diameter
DWSG = double-walled stent-graft

E = tangent modulus

FE = finite element
h = wall thickness
L = length
P = pressure
O = volumetric flow rate
r = lumen radius
R = flow resistance
V = volume

V, = gas charge (volume at atmospheric pressure)
/A = inner wall prestretch
1 = dynamic viscosity
v = Poisson’s ratio
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