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Purpose: To assess 3-dimensional (3D) pulsatile displacement forces (DF) acting on
thoracic endografts using 3D computational techniques.
Methods: A novel computational method to quantitate the pulsatile 3D flow and pressure
fields and aortic wall dynamics in patient-specific anatomical models based on cardiac-
gated computed tomography (CT) scans was used to construct simulations of the proximal
and mid-descending thoracic aorta. Endografts of varying lengths and diameters were
implanted in these patient-specific models. The magnitude and direction of the DF vector
were calculated and expressed in Newtons (N). This DF included the effects of both the
pressure and shearing stresses of blood.
Results: The magnitude of DF increased with endografts of increasing diameter and length.
A 36-mm endograft in the mid-descending aorta had a mean DF of 21.7 N with a peak systolic
DF of 27.8 N and an end-diastolic DF of 16.7 N. Conversely, a 30-mm endograft in the
proximal descending aorta had a mean DF of 14.9 N, with peak systolic and end-diastolic DFs
of 18.9 and 11.5, respectively. The orientation of the DF acting on the endograft varied
depending on aortic angulation and tortuosity; in general, the vector was perpendicular to
the greater curvature of the endograft rather than along the downstream longitudinal
centerline axis of the aorta as is commonly believed. The DF vector pointed primarily in the
cranial direction for the proximal descending endograft and in the sideways direction for the
mid-descending endograft simulation. Furthermore, it was shown that elevated pressure
plays an important role in the magnitude and direction of DF; an increase in mean blood
pressure resulted in an approximately linearly proportional increase in DF.
Conclusion: The orientation of the DF varies depending on curvature and location of the
endograft, but in all instances, it is in the cranial rather than caudal direction on axial
imaging. This is counter to the intuitive notion that displacement forces act in the
downward direction of blood flow. Therefore, we postulate that migration of thoracic
endografts may be different from abdominal endografts since it may involve upward rather
than downward movement of the graft. Computational methods can enhance the
understanding of the magnitude and orientation of the loads experienced in vivo by
thoracic aortic endografts and therefore improve their design and performance.
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Endovascular treatment for thoracic aortic dis-
ease has developed significantly in the last 15
years. The pioneering work of Dake and col-
leagues1,2 began in the mid-90s; now, tens of
thousands of procedures are performed yearly
in the US alone.3 Thoracic aneurysms and aortic
dissections constitute the majority of clinical
cases. Although the short- and midterm out-
comes of endovascular procedures have been
favorable compared to open surgical repair, the
risks of aneurysm enlargement, endoleaks, en-
dograft collapse, and migration demand costly
periodic screenings of the patient.4 Moreover, a
number of investigators have expressed con-
cern regarding the long-term durability and
outcomes following thoracic endografting.4–7

The unique anatomical and biomechanical
environment of the thoracic aorta (i.e., large
motion, highly pulsatile flow) poses significant
challenges to the long-term success of endo-
grafts. A deeper understanding of the forces
experienced by endografts in vivo is required
to improve their performance and long-term
durability. While the displacement force (DF)
acting on aortic endografts has been assumed
to be in the downward direction of blood flow,
recent studies in the abdominal aorta have
shown that sideways displacement of endo-
grafts in the aneurysm sac is a predictor of late
adverse events.8,9 In-vitro experimental stud-
ies,10,11 as well as theoretical and computa-
tional studies,12 have been conducted to
investigate the magnitude of loads acting on
thoracic endografts, their resistance to dis-
lodgment, as well as their stability and move-
ment. However, in all cases, the studies failed
to either reproduce the complex anatomical
configuration of the aorta and endograft or the
highly pulsatile blood flow, pressure, and wall
dynamics of the thoracic aorta. The purpose of
this investigation is to study the magnitude
and direction of pulsatile displacement forces
acting on realistic models of thoracic aortic
endografts built from image data using com-
putational fluid dynamics (CFD) techniques.
We investigate the impact that different fac-
tors, such as device location, size, and elevated

pressure, have on the forces experienced by
the endograft.

METHOD

Model Design

Three-dimensional (3D) computer models of
thoracic aortic aneurysms (TAA) were con-
structed using de-identified cardiac-gated com-
puted tomographic angiography (CTA) data.
The models represented aneurysms located in
the proximal and mid-descending thoracic
aorta, respectively, and included data from the
ascending thoracic aorta, aortic arch, descend-
ing thoracic aorta, brachiocephalic trunk, left
common carotid artery, and left subclavian
artery (Fig. 1).13 Once the computer models
were created, CFD analyses were performed to
simulate blood flow, blood pressure, and vessel
wall dynamics using techniques developed by
our group.14–17 These tools enable the repre-
sentation of realistic pulsatile flow waves, heart
rate, arterial pressure, and vessel wall and
endograft mechanical properties. The magni-
tude and direction of time-varying displacement
forces (DF), expressed in Newtons (N), exerted
by the blood flow on the endografts were then
calculated by integrating the distribution of
tractions (pressure and the shearing stresses
of blood) acting on the surface of the devices. In
this analysis, the impact of device location, size,
andelevatedpressureonthe forcesexperienced
by the device were examined.

For the simulations, the model of the
proximal descending TAA, which correspond-
ed to a preoperative configuration, was
modified by virtually implanting a 30-mm
endograft of adequate length; 10% graft
oversizing was assumed. Using this ap-
proach, the range of loads experienced by
the device ‘‘a priori’’ could be measured. The
model of the mid-descending TAA was creat-
ed with a 36-mm endograft in place; the stent-
graft was approximately twice the length of
the virtual endograft in the proximal descend-
ing TAA model. Thus, the postoperative mid-
descending TAA model corresponded to an
actual postoperative scan (Fig. 1).
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Hemodynamic Variables

The variables defining the hemodynamic
state used in the CFD analyses for both the
proximal descending and mid-descending
TAA models were typical values for volumet-
ric flow and pressure for the ascending
thoracic aorta.18 The mean flow and heart
rate were 4.9 L/min and 67 bpm, respectively.
The aortic systolic, diastolic, and mean pres-
sures were 145, 85, and 111 mmHg, respec-
tively.

RESULTS

Figure 2 shows the pressure and flow wave-
forms of the descending thoracic aorta, left
subclavian artery, and left common carotid
artery obtained in the CFD simulations for
both models. Individual branch flow wave-

forms varied depending on outflow boundary
conditions of each vessel.15 The differences
between the descending thoracic aorta and
common carotid artery flow waveforms are
shown with forward flow in the carotid artery
throughout the cardiac cycle and reversed
flow in the descending aorta during diastole,
which represent normal physiological varia-
tions. Figure 3 illustrates how the contribu-
tion of the pressure to the total load experi-
enced by the device was several orders of
magnitude larger than the wall shear stress
contribution.

Preoperative Proximal Descending
TAA Model

After completing this simulation with a
virtually implanted 30-mm endograft, the
total DF was calculated; the magnitude and

Figure 1¤Computer methodology: 3D computer models (center) of the thoracic aorta were
built based on the CTA datasets (left). The CFD analyses (right) show a volume-rendering of
the blood velocity for the preoperative model of the proximal descending TAA with a virtually-
implanted endograft (above) and the postoperative model of a descending TAA after
treatment with an endograft (below).
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orientation of this force acting on the endo-
graft in the anteroposterior (AP), lateral, and
axial projections are represented by the size
and direction of the arrows in Figure 4. The
DF vector has a mean value of 14.9 N, with
peak systolic and end-diastolic values of 18.9
and 11.5 N, respectively. Note that the axial
orientation of the DF is in the cranial direction
rather than in the caudal direction. The mean
of the DF in the cranial direction is 13.8 N,

whereas the mean in the sideways direction is
5.8 N. The displacement vector appears to be
largely determined by the curvature of the
endograft.

Postoperative Mid-Descending
TAA Model

After completing the CFD analysis of the
postoperative mid-descending TAA model

Figure 2¤ Flow and pressure waveforms in selected vessels obtained in the CFD analysis of
both the proximal descending and mid-descending TAA models.

Figure 3¤Wall shear (A) and pressure (B) stresses representing the actions of the blood on
the endograft. These stresses are integrated over the surface of the endograft to calculate the
total 3D force exerted by the pulsatile flow.
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with a 36-mm endograft in place, calculation
of the DF produced a vector with larger mean
(21.7 N), peak systolic (27.8 N), and end-
diastolic (16.7 N) values than the preoperative
model scenario. This was due to the larger
size of the device, since the hemodynamic
conditions (see pressure and flow waveform,
Figure 2) were identical to those in the
preoperative model. The displacement vector
(Fig. 5) appears to be largely determined by
the curvature of the endograft. Contrary to the
preoperative scenario, the DF vector pointed
primarily in the sideways direction with a
mean value of 18.8 N, due to the longer
length of the device and its more distal
location. Conversely, the axial component
was now smaller (mean 10.8 N). Again, note
that axial orientation of the DF was in the
cranial direction rather than the caudal direc-
tion.

Effects of Increased Pressure on the DF of
the Mid-Descending Thoracic
Aortic Endograft

Figure 6 shows the flow and pressure
waveforms considered in this analysis, as
well as the waveforms used in the initial
simulation. The flow waves remained un-
changed. The elevated pressure waveform
had a mean value of 130 mmHg, with a
systolic peak of 171 mmHg, a diastolic mini-
mum of 97 mmHg, and a pulse pressure of
74 mmHg, while in the previous model, the
mean pressure was 111 mmHg, with a sys-
tolic peak of 145 mmHg, a diastolic minimum
of 85 mmHg, and a pulse pressure of
60 mmHg. Thus, the mean pressure in the
elevated simulation was 16.5% larger than the
pressure in the initial scenario. The DF vector
had larger mean (25 N), peak systolic

Figure 4¤Proximal descending thoracic aortic endograft in anterior, lateral, and axial views
showing the vector (arrow) of the displacement force (DF). Mean value of the DF vector, its
sideways and axial components, and temporal variation over the cardiac cycle are given
below. Note that the axial DF vector is in the cranial rather than the caudal direction. The
displacement force magnitude changes over the cardiac cycle, varying from 11.5 N in diastole
to 18.9 N at peak systole.
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(32.5 N), and diastolic (22.6 N) values than the
initial simulation (see graph in Figure 6),
indicating that the increase in mean DF was
approximately linearly proportional to the
increase in mean pressure over this range of
pressure.

The increase in pulse pressure resulted in a
significant change in the orientation of the DF
vector. The Table compares the axial (crani-
ad) and sideways components of the refer-
ence pressure scenario to the values for the
elevated pressure simulation. The greatest
increase was in the axial component (37%),
whereas the increase in the sideways com-
ponent was only 7%, which can be explained
by the increased acceleration of blood due to
the 14 mmHg higher pulse pressure. The
blood was therefore pushed against the outer
curve of the graft more vigorously than
before, which resulted in the larger craniad
component of the DF vector.

DISCUSSION

It has long been assumed that endograft
migration is due to downstream displace-
ment by the action of flowing blood. A
number of experimental and computational
studies in endografts for both AAA and TAA
have been based on this presumption.10,19–21

However, we have shown that in the case of
abdominal aortic endografts this assumption
is not true; the largest component of the
endograft displacement force is in the side-
ways, rather than downstream (caudal), di-
rection.8,9

In the current analysis, we have extended
our studies to the thoracic aorta. The main
finding of these experiments is that the
primary orientation of the DF vector acting
on thoracic aortic endografts is not in the
downward (caudal) direction, but rather in the
upward direction (craniad) with respect to

Figure 5¤Mid-descending thoracic aortic endograft in anterior, lateral, and axial views
showing the vector (arrow) of the displacement force (DF). Mean value of the DF vector, its
sideways and axial components, and temporal variation over the cardiac cycle are given
below. Note that the axial displacement force vector is in the cranial rather than the caudal
direction. The displacement force magnitude changes over the cardiac cycle, varying from
16.7 N in diastole and 27.8 N at peak systole.
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blood flow. Due to the curvature of the aortic
arch and descending thoracic aorta, this
vector also has an important sideways com-
ponent relative to the direction of blood flow.
The thoracic aortic curvature is very large,
and blood flow changes from the cranial
direction in the ascending aorta to the caudal
direction in the descending aorta. This factor
is of critical importance and has not hereto-
fore been considered in the area of thoracic
endografting and stability of implanted de-
vices. In general, the more proximal the
endograft is implanted, the greater the crani-
ad component of displacement. The prevail-

ing view that the orientation of DF is primarily
in the downstream direction of blood flow
was based on the assumption that the main
contributor to the DF is the shearing force
exerted by blood flow on the endograft. In
this study, we showed just the opposite: the
combination of the blood pressure and the
geometry of the endograft are much more
important determinants of the magnitude and
direction of DF. This finding has profound
implications on the design of thoracic endo-
grafts. Fixation systems must be able to
secure the thoracic devices in place, with-
standing the forces applied to them. Thoracic

Figure 6¤ Flow and pressure waves with pulsatile DF for the reference pressure (blue plots)
and the elevated pressure (red plots) simulations. The images below compare the orientation
of the DF vectors for the reference pressure (blue arrows) and the elevated pressure (red
arrows) scenarios in the anterior, lateral, and axial views.

¤ ¤
TABLE

Axial Component, Sideways Component, and Total Mean Displacement Force
for the Reference Pressure and Elevated Pressure Scenarios

Reference Pressure Elevated Pressure Increase, %

Axial component (cranial), N 10.8 14.8 37
Sideways component, N 18.8 20.1 7
Total force, N 21.7 25 15
¤ ¤
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endografts may be much more unstable than
previously suspected, particularly in the arch
and proximal descending thoracic aorta.
Thoracic endograft migration may be more
difficult to evaluate due to the imaging
challenges of the thoracic aorta. It is also
possible that thoracic endograft migration
has been overlooked since most studies on
migration have looked for downward (in the
direction of blood flow) displacement of
endografts, rather than craniad or sideways
displacement.

Computational methods are required to
gain a better understanding of the magnitude
and orientation of the loads experienced by
thoracic aortic endografts in vivo, since they
allow us to consider complex geometries and
flow and pressure states. Understanding the
loads experienced by endografts can improve
their design and performance. Displacement
force analysis is complex and requires accu-
rate 3D geometric models and CFD computa-
tions under physiological flows and pres-
sures.

The analysis presented here is just a first
step and needs to be expanded to investigate
the effects of several factors that may influ-
ence the magnitude and direction of DF. We
have assumed that pressure in the TAA sac
after endograft deployment is zero, which is
not the case in patients who have endoleaks
after endovascular aneurysm repair. Further-
more, it should be noted that the results have
been obtained under the assumption that
both the arterial and graft walls are rigid.
Future work will include the compliance of
the walls and an evaluation of how much this
compliance might affect the forces experi-
enced by grafts. Additional factors that may
influence the magnitude and direction of DF
are heart rate, aneurysm size, vessel wall and
endograft compliance, and exercise. Clinical
correlation and in-vivo/in-vitro experimental
studies are needed to complement this
computational approach. Thus, it is impera-
tive to investigate factors that counteract the
DF to keep the device in place. Some of these
factors are: friction developed at the fixation
points between the graft and the wall,
fixation length, longitudinal columnar force,
and the influence of penetrating hooks and
barbs.

Conclusion

This is the first geometrically realistic 3D
description of pulsatile displacement forces
acting on thoracic aortic endografts. The
primary orientation of the displacement force
vector acting on an endograft implanted in a
TAA is not in the downward (caudal) direc-
tion, but rather in the upward direction
(craniad) with respect to blood flow on axial
views. This vector also has an important
sideways component in the direction relative
to blood flow due to the curvature of the
aortic arch and descending thoracic aorta. In
general, the more proximal the endograft is
implanted, the greater the craniad component
of displacement. Three-dimensional compu-
tational analysis may provide a powerful tool
to evaluate the risk of endograft migration in
vivo.
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