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A computational fluid dynamic study of stent graft
remodeling after endovascular repair of thoracic
aortic dissections
Stephen W. K. Cheng, MS,a Edward S. K. Lam, MPh,b George S. K. Fung, PhD,c Pei Ho, MB, BS,a

Albert C. W. Ting, MS,a and Kwok W. Chow, BS, PhD,b Hong Kong, China

Objectives: Significant stent graft remodeling commonly occurs after endovascular repair of thoracic aortic dissections
because of continuing expansion of the true lumen. A suboptimal proximal landing zone, minimal oversizing, and lack of
a healthy distal attachment site are unique factors affecting long-term stent graft stability. We used computational fluid
dynamic techniques to analyze the biomechanical factors associated with stent graft remodeling in these patients.
Patients and Methods: A series of computational fluid dynamic models were constructed to investigate the biomechanical
factors affecting the drag force on a thoracic stent graft. The resultant drag force as a net change of fluid momentum was
calculated on the basis of varying three-dimensional geometry and deployment positions. A series of 12 patients with type
B aortic dissections treated by thoracic stent graft and followed up for more than 12 months were then studied.
Computed tomography transaxial images of each patient shortly after stent graft deployment and on subsequent
follow-up were used to generate three-dimensional geometric models that were then fitted with a surface mesh.
Computational fluid dynamic simulations were then performed on each stent graft model according to its geometric
parameters to determine the actual change in drag force experienced by the stent graft as it remodels over time.
Results: The drag force on the stent graft model increases linearly with its internal diameter and becomes highest when the
deployment position is closer to the proximal arch. Aortic curvature is not a significant factor. Serial computed
tomography scans of patients showed an increase in mean inlet area from 1030 mm2 to 1140 mm2, and mean outlet area
from 586 mm2 to 884 mm2 (increase of 11% and 58%, respectively; P � .05, .01). These increases are associated with a
change in resultant drag force on the stent graft from 21.0 N to 24.8 N (mean increase, 19.5%; range, 0%-63.2%; P �
.002). There is a positive relationship between increase in drag force and increase in stent-graft area.
Conclusion: The drag force on thoracic stent grafts is high. A significant change in stent-graft diameter occurs after
endovascular repair for type B dissections, which is associated with an increase in hemodynamic drag force. These stent
grafts may be subjected to a higher risk of distal migration, and continuing surveillance is mandatory. (J Vasc Surg 2008;

r - Publisher Connector 
48:303-10.)
Endovascular stent grafts placed in the aorta are sub-
jected to significant displacement forces generated by high
blood flow. Previous in vivo and computational studies1,2

on abdominal aortic stent grafts have demonstrated that
these forces are higher with a larger graft inlet diameter and
can result in distal migration of abdominal stent grafts. Very
few studies so far have been done on the hemodynamic
forces of thoracic stent grafts.

Thoracic stent grafts are often of a larger diameter and
are strategically placed near the aortic arch where there is a
substantial element of transverse flow. There are also con-
siderable variations in the length of the stent graft, its
deployment position relative to the arch, and the curvature
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of the aorta. Thoracic stent grafts are predisposed to con-
siderable remodeling after deployment because of the in-
herent large volume of the grafts. Remodeling is most
evident in patients in whom the stent grafts are placed for
aortic dissections, in which the changes in true lumen
diameter (and therefore stent-graft diameter) can be sub-
stantial as the false lumen regresses. Stent grafts deployed in
these situations therefore exist in a dynamic state of contin-
uous geometric alterations, and changes in distraction
forces can occur, which may affect long-term durability of
the repair.

We aimed to (1) study, using computational fluid dy-
namics (CFD), the forces acting on thoracic stent grafts and
their relationship to geometry and flow, and (2) determine
the changes in resultant drag forces associated with stent-
graft remodeling using three-dimensional (3D) flow mod-
els constructed from serial CT scan data in actual patients
with stent grafts placed for aortic dissections.

PATIENTS AND METHODS

To perform computational simulation of pulsatile
blood flow for a stent graft in the thoracic aorta, three
major components are required: (1) geometry, which de-
fines the 3D shape of the stent graft; (2) governing equa-

tions, which elucidate the fundamental fluid principles an-
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alytically; and (3) boundary conditions, which describe the
characteristics of the pulsatile blood flow. The drag force on
a stent graft can then be calculated by applying the funda-
mental principles of fluid mechanics.

Governing equations. Blood flow in large arteries is
typically sufficiently fast to justify the assumption that the
blood behaves as a Newtonian fluid.3 The governing prin-
ciples of the motion of a 3D fluid are the conservation laws
of mass and momentum. More precisely, they are the
continuity equation

�ui
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and the Navier-Stokes equations for an incompressible fluid
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where ui (i � 1, 2, 3) are the components of the velocity
vector, p is the pressure, and � is the fluid density. The
summation convention is employed.

Boundary conditions. The governing equations are
allowed to march forward in time with an established
routine and appropriate boundary conditions. The rheo-
logical properties are assumed to be in ranges that permit
blood to be treated as an incompressible, homogeneous,
and Newtonian fluid. This is a reasonable assumption in
larger arteries such as the thoracic aorta. With this working
assumption, the shear stress in the blood is proportional to
the velocity gradient in the blood. The dynamic viscosity of
blood, �, is taken to be 0.0035 Ns/m2, and 1050 kg/m3 is
the assumed blood density.4

Physiologically representative pulsatile velocity wave-
form and pressure waveform are applied at the inlet and
outlet respectively (Fig 1). These velocity profile waveforms
are verified in actual patients at the completion of thoracic
endograft procedures by taking real-time pressure and
waveform readings with a pressure transducer connected to
a large-caliber catheter (VOTT; Cook Medical, Blooming-
ton, Ind) placed at the inlet and pulled back at 2-cm
intervals. The waveforms used in the simulations are in
agreement and have also been verified by various in vivo

Fig 1. Blood flow waveform (a) and blood pressure w
occurred at 0.25 seconds and peak pressure at 0.3 secon
experimental data.5,6
The hemodynamic effects of blood plasma only were
considered, and the particle effects on the simulation are
deemed negligible so as to avoid an excessively high
computational workload. In large blood vessels, the fluid
flow is treated as laminar for moderate Reynolds num-
bers.6,7

To attain a periodic state in a time-dependent calcula-
tion in CFD simulations,8,9 a steady-state solution at the
maximum flow rate is obtained first. Data and output from
the fifth cycle are taken as the time-periodic solution. The
domain wall boundaries are assumed to be rigid, and the
no-slip boundary condition is applied at all vessel walls.

Drag force calculations. Drag force was calculated
from direct integration of the pressure and wall shear stress
distributions on both surfaces of the stent-graft wall:

F � P · dA � � · dA ,

rm (b). The period is one second per cycle. Peak flow

Fig 2. a, Geometric parameters defining the stent graft model. b,
Surface mesh elements created for the fluid domain. d, Diameter of
the stent graft; �, position of deployment of stent graft in clockwise
direction from aortic valve; D, diameter of curvature of the aortic
arch.
avefo
� �
C.S.
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where F � drag force, P � pressure acting on the stent
graft, � � shear stress acting on the stent graft, and C.S. �
control surface.

The drag force exerted by the blood flow on the
stent-graft wall is mainly generated by two sources: the net
change or efflux in fluid momentum and the friction on the
graft wall. The net change in fluid momentum contributes
the majority of a drag force on the stent graft.1,7 The net
drag force acting on a stent graft induced mainly by the
change of momentum in blood flow can be calculated by
the momentum theorem from classical fluid mechanics.10

This theorem states that the total forces acting on a control
volume containing fluid will be computed from the net rate
of momentum efflux from the control volume, plus the
time rate of change of momentum within the control
volume. In our study, the latter made only a minor contri-
bution to the total amount of drag force on the blood
vessel; thus, the net drag force is effectively given by the net
efflux term.

Stent graft model. A stent-graft template was first
defined on the basis of contrast-enhanced transaxial tho-
racic CT scan images of a patient. A cubic spline curve was
fitted through the luminal cross sections, and the centerline
was determined and used as a subsequent template for
generating stent graft models of varying parameters. To
limit the complexity, we assumed this initial model was
non-tapering and without out-of-plane bending. Each
model is generated as a smooth circular tube surface with
the software Rhinoceros (Robert McNeel & Associates,
Seattle, Wash) (Fig 2).

A stent-graft model in the form of the mesh elements
was then generated, and the IGES format geometry files
were then imported into a program ICEM CFX (Ansys Inc,
Canonsburg, Pa) for surface mesh generation. A large
number of elements and mesh smoothing are required to
generate a sufficiently smooth surface and avoid sharp

Fig 3. Patient-derived CFX model of fluid dynamics vel
after (right) remodeling.
corners. Simulations of CFD are then performed on each
stent-graft model according to its geometric parameters,
and the governing equations and the boundary conditions.
To solve these equations, we used the computational fluid
dynamics code CFX, which is a finite volume method
solver. Repeated calculations with finer meshes revealed the
mesh independence of the results. More than 700,000
elements were created in the fluid domain for each model to
achieve mesh independence.

Three geometric parameters were specified and studied
in these idealized stent-graft models (Fig 2): the lumen (or
stent graft) diameter, d; the starting position of the stent
graft on the aorta, �; and the diameter of curvature of the
aortic arch, D. The starting position is defined by the
proximal end of the graft and ranges from 0 to 180 degrees.
The diameter of curvature of the aortic arch is the maxi-
mum horizontal distance between the centroids of the cross
sections at the aortic arch. A standard stent graft length of
150 mm was used.

The relationship of the drag force with variations in the
stent graft geometry was studied by applying the CFD
simulations to different parameters of d (graft diameter), �
(graft position), and D (arch curvature). The graft diameter
d studied ranged from 26 to 42 mm, graft position � from
90 to 180 degrees, and arch curvature D from 70 to 130
mm. With each parameter being varied, the other two were
fixed at their average values, assuming a constant value of
d � 34 mm, � � 90 degrees, and D � 100 mm.

Patient-derived models. Twelve patients with un-
complicated Stanford type B dissections treated by primary
endovascular thoracic aortic stent grafting and who were
followed up for at least 12 months were then chosen for this
study. Of the 12 patients, 11 were men and one was a
woman, with a mean age of 56 years (range, 31-78 years).
Two were treated for acute dissection, seven were in the
subacute (less than 1-month) stage, and three were at a
more chronic stage with aneurysmal changes. The stent

and vector plot in a thoracic stent graft before (left) and
ocity
grafts used were Zenith TX2 proximal endograft compo-
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nents (Cook Medical, Bloomington, Ind). The landing
zones were all close to the left subclavian artery origin. The
landing zone aortic diameter averaged 32.8 mm (range,
28-38 mm), and the graft diameter averaged 37 mm
(range, 34-42 mm), with a mean oversizing of 12.8%
(range, 5%-31%). The average graft length was 153 mm.
Contrast CT scans were routinely performed postopera-
tively and every 3 to 6 months thereafter.

For each patient, the geometry of the stent graft in the
thoracic aorta was defined on the basis of CT transaxial
DICOM images. The earliest postoperative scan and the
latest scan images (a and b) were used for this analysis; the
mean interval between the two scans was 16.3 months
(range, 12-27 months). The CT scans gave a resolution of
512 by 512 pixels, with a pixel size of 0.625 mm and a slice
thickness of 1.25 mm. The boundaries of the stent graft
were readily segmented for the entire set of CT images. The
software program SURFdriver (Moody and Lozanoff, Al-
berta, Calif), a surface reconstruction application, was used
to segment the stent graft semiautomatically and then the
polygon models were reconstructed by the rendering en-
gine. The polygon models were used as input to the Rhi-
noceros software program (Robert McNeel & Associates,
Seattle, Wash) and lofted into 3D nonuniform rational
B-spline surfaces. The stent graft models in the form of the
mesh elements were then generated. The IGES format
geometry files of the stent graft model were produced and
then input into ICEM CFX (Ansys Inc, Canonsburg, Pa)
for surface mesh generation. Then, CFD simulation was
performed on each stent graft model according to its geo-
metric parameters, and the governing equations and the
boundary conditions as described previously (Fig 3).
Changes in stent graft inlet and outlet diameters were
measured. Because axial sections of stent grafts are seldom
circular, we expressed the stent graft size in terms of inlet
(A1) and outlet (A2) cross-sectional areas. Comparisons
were made by using the two-tailed paired samples t test.
The changes in drag force (Fb/Fa) were correlated to the
changes in inlet and outlet areas (A1b/A1a and A2b/A2a)
by using the Pearson correlation with two-tailed signifi-

Fig 4. Relationship between the drag force acting on the stent
graft and the cardiac cycle.
cance.
RESULTS

Drag forces and cardiac cycle. The derived drag
forces are generally related to the pressure changes in the
cardiac cycle. A time-dependent plot of drag forces in a
representative stent graft model (d � 34 mm and D � 100
mm) is shown in Fig 4.

Drag forces and stent graft geometry. On the simple

Fig 5. Relationship between the drag force due to net momen-
tum change and the internal diameter of the thoracic stent graft (d)
(a), the deployment position of the thoracic stent graft (�) (b), and
the diameter of curvature of the aortic arch (D) (c).
geometry CFD simulation models, the drag forces in the
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transverse and vertical directions increased with the internal
diameter of the graft (Fig 5, a). The resultant force on the
thoracic stent graft is significantly larger than that experi-
enced by its abdominal counterpart, and measured 10.3 N
when the graft diameter was 26 mm and increased to 26.8
N with a graft diameter of 42 mm. The frictional force
exerted on the blood vessel by the fluid contributes 0.036
N, which is less than 0.5% of the total drag force. Forces due
to shear stress or friction thus appear to be negligible.

The relationship of the stent-graft landing position to
the drag forces is shown in Fig 5, b. The force is greatest at
the 90-degree position (top of the arch) and decreases
significantly when the proximal landing zone is in the
descending aorta (17.3 N at 90 degrees, 2.3 N at 180
degrees).

There is a slight decrease in drag force when the curva-
ture of the thoracic aorta increases. The rate of change of
the drag force in relation to the diameter of curvature of the
aortic arch however is small (Fig 5, c). There is only an 8%
reduction in resultant forces when the diameter changes
from 70 to 130 mm.

Stent graft remodeling in aortic dissections. Serial
CT scans of patients showed that, after endovascular stent-
graft placement for aortic dissections, there was a general
increase in both inlet and outlet graft areas (Table, Fig 6, a
and b). An increase in mean inlet area was observed in
eight patients; the area changed from 1030 � 228 mm2 to
1140 � 279 mm2 (increase of 11%; P � .05). There was a
more marked (58%) increase in the mean distal outlet area,
which was evident in all but one patient, with a resultant
change of 586 � 180 mm2 to 884 � 367 mm2 (P � .01;
Table). The general shape of the stent grafts remains con-
ical with a larger inlet area, although the inlet:outlet area
ratio decreased from a mean of 1.93 (range, 0.94-3.59) to
1.50 (range, 0.76-3.26). In three patients the outlet diam-
eter of the graft had exceeded the inlet area. There was no
relationship with the timing of the dissection and the
remodeling changes.

A general trend of increasing drag force with larger-

Table. Geometric and computational fluid dynamic data o

Patient
Gender/
age (y)

Graft
diameter

(mm)

Inlet
area 1
(mm2)

Inlet
area 2
(mm2)

Outlet
area 1
(mm2)

Out
area
(mm

CNW M/53 34 891 832 635 98
FKM M/67 42 871 1039 927 137
WKC M/58 42 967 1392 411 170
CFC M/55 34 799 726 413 63
CKF M/58 34 1306 1298 685 73
KHW F/78 38 832 835 304 25
KIC M/31 34 1349 1598 576 76
KMC M/57 36 958 1000 781 84
KPW M/51 40 1048 1174 632 90
KWL M/56 38 1023 1431 543 92
YYK M/58 34 828 973 713 82
SAU M/51 38 1484 1376 413 64

1, Initial postoperative scan measurements; 2, follow-up scan measurement
diameter stent grafts was observed.
In association with graft expansion, the CFD models
showed an increase in resultant drag force on the stent graft
in all but one patient (Fig 6, c). The mean drag force
increased from 21.0 � 3.5 N to 24.8 � 3.4 N (mean
increase, 19.5%; range, –4% to 63.2%; P � .002). There is
a positive relationship between increase in drag force and
increase in stent-graft outlet area (P � .05, Pearson corre-
lation).

DISCUSSION

Stent grafts placed in the thoracic aorta near the arch
are subjected to considerable pressure and flow, but no
previous study has addressed the hemodynamic forces act-
ing on thoracic aortic stent grafts. To date, CFD studies on
aortic stent grafts have been performed on only bifurcated
abdominal graft models. In a simplified, non-pulsatile,
steady-state uniform flow CFD model, Liffman et al1 have
demonstrated that forces on abdominal stent grafts are
related to graft inlet diameter in the order of 3 to 5 N for
small grafts and 7 to 9 N for larger grafts. A recent study
using 3D non–steady-state CFD analysis on CT-defined
models by the Stanford group2 showed similar force mag-
nitudes; the study also verified that pressure-related forces
were much larger than flow-related forces in abdominal
stent grafts, and that blood pressure, inlet graft diameter,
and angulation were the determining factors. These studies
also confirmed that forces on abdominal grafts act mainly
on the bifurcation and thus implied that tube-shaped tho-
racic grafts should be more stable.

We used actual 3D, pulsatile flow mechanics to produce
a more realistic CFD model. The pressure and velocity
waves were verified by using in vivo arterial pressure mea-
surements. This CFD model has been tested on a simulated
abdominal bifurcated graft environment, and the outcome
was in agreement with previous findings. We have demon-
strated that the drag forces acting on the thoracic stent
grafts were of a significantly higher magnitude than the
abdominal counterparts, averaging 10 N for the smallest
diameter grafts and reaching 26 N for grafts with a 42-mm

patients with thoracic aortic endografts

Inlet
area

change

Outlet
area

change

Inlet:
outlet
ratio 1

Inlet:
outlet
ratio 2

Drag
force 1
(N)

Drag
force 2
(N)

Drag
force

change

0.93 1.55 1.40 0.84 19.87 23.33 1.17
1.19 1.48 0.94 0.76 18.34 24.19 1.32
1.44 4.15 2.35 0.82 16.07 26.24 1.63
0.91 1.54 1.93 1.14 16.32 18.11 1.11
0.99 1.07 1.91 1.76 26.18 30.18 1.15
1.00 0.84 2.74 3.26 23.38 25.17 1.08
1.18 1.33 2.34 2.08 21.59 23.11 1.07
1.04 1.09 1.23 1.18 19.68 21.98 1.12
1.12 1.43 1.66 1.30 20.73 24.50 1.18
1.40 1.71 1.88 1.54 21.80 30.63 1.41
1.18 1.15 1.16 1.19 20.42 23.28 1.14
0.93 1.57 3.59 2.12 27.73 26.73 0.96

ewtons.
f 12

let
2

2)

5
2
7
8
6
6
7
8
1
7
1
9

diameter at the aortic arch. These forces were in an almost
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linear relationship with the diameter of the graft; a large-
diameter graft is subjected to a higher displacement force.
We have also shown that drag forces on thoracic stent grafts
arise primarily from shifts in fluid momentum as a result of
pressure and flow changes. Shear stress, the frictional forces
between blood and the luminal surface, was two orders
smaller. The effect of contact surface (and therefore the
length) of the graft appears to be negligible.

The deployment position of the stent graft also has a
significant bearing on resultant drag forces. A 34-mm graft
deployed at the top of the arch experiences forces of 17 N
compared with only 2 N when it is deployed at 180 degrees.
Stent grafts that are placed in a proximal position must
experience an additional transverse displacement force.
This force may explain the significant increase in the result-
ant distraction forces of thoracic stent grafts placed in the
curved part of the arch compared with a significantly
smaller force on the straight part of the descending thoracic

Fig 6. Changes in the inlet area (a), the outlet area (b), and the
drag force of the thoracic stent grafts (c).
aorta.
Drag forces are counteracted by fixation forces from the
stent graft, mainly frictional forces from the stents, and
hooks and barbs at the proximal end. In bench top exper-
iments, a force of 10 to 25 N is required to displace an
abdominal endograft with suprarenal fixation,8,11 and
more than 30 N is required for fenestrated grafts.11 In vivo
experiences also suggested that graft diameter is a signifi-
cant determinant of migration.12 There is no study on in
vitro displacement forces of thoracic stent grafts. The drag
force computations in this study in horizontal and vertical
directions are the forces acting on the stent graft in isola-
tion, and are only an estimation of one of many factors that
may lead to stent graft migration in real life. Only an
unknown portion of the total drag force estimated in our
computations will be parallel to the attachment site. An
additional counterbalancing force by stent graft contact
and fixation hooks exists to oppose these drag forces on the
graft.13 The choice of the length of thoracic stent grafts is
more flexible, and a longer distal landing zone is often used,
which may account for greater stability. The addition of a
series of bare metal stents in the distal aorta as advocated by
some centers may also help to maintain the position of the
stent graft.

Although device migration is a known complication
of thoracic stent grafts, there is very little long-term data on
thoracic endograft migration. The Gore TAG registry on
thoracic aneurysms reported a total migration rate of 10% at
2 years.14 The Cook Zenith TX2 trial registered a device
migration rate of 2.8% at 12 months.15 A study using the
computer centerline of flow measurements in 194 patients
recorded migration in 6.7% of thoracic devices.16 These
studies were performed on stent grafts for thoracic aneu-
rysms; data on aortic dissections are lacking at this point in
time.

Type B aortic dissection is now increasingly being
treated by endovascular repair in which a short- to medium-
length stent graft is used to cover the primary entry tear.
Because of the anatomic proximity of the primary tear to
the major branches of the arch, the proximal landing zone
is often short and on less healthy tissue. Liberal oversizing
at the top is not advisable for fear of iatrogenic dissections;
it also reduces the proximal fixation force even more. The
distal landing is typically in the diseased true lumen of a
dissected aorta, with the majority of the stent grafts held
against the dissection flap rather than a healthy aortic
segment. After successful exclusion of the false lumen,
there is a progressive dilatation of the true lumen with time
attributable to realignment of the blood flow. A continu-
ing, gradual expansion of the stent graft is usually observed
on follow-up. Patients with aortic dissections are usually
younger (the mean age of patients in our study was 56
years), and their aortas are more compliant and prone to
dilation in future. The drag force on the stent graft may
change with time and may not reach a steady state until
many months after graft implantation.

We have shown that substantial remodeling of the stent
graft existed in patients with aortic dissections. Progressive

dilatation of both the proximal and distal lumens occurred,
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but was more marked for the latter. As the false lumen
thromboses and regresses, the true lumen will gradually
expand, whereas the proximal portion of the stent graft is
constrained by a healthy aorta at the landing zone, resulting
in a shape change of the graft from a more conical config-
uration to a more cylindrical appearance. Associated with
these changes was an increase in hemodynamic drag forces,
amounting to almost 20%, and in some of the cases exceed-
ing 60%. These changes must be related to the remodeling
of the stent graft configuration. Existing in a dynamic state,
these thoracic stent grafts are at the highest risk of subse-
quent migration. Paradoxically excessive oversizing of a
stent graft will result in further distal dilatation and a more
significant rise in drag forces with time. Stent grafts com-
posed of Gianturco Z-stent elements may also exhibit a
gradual decrease in radial expansion force as the stent
increases in diameter.

This study is subjected to the standard limitations of
CFD analysis, and several assumptions were made to limit
the complexity of the model calculations. In the initial
geometry model, the stent grafts were built as cylindrical
tubes without 3D twists and the inlet was axis symmetrical.
The stent graft is viewed as a rigid, non-pulsatile tube, but
in reality pulsations have been observed in stent graft
elements. In a recent study17 using dynamic CT angiogra-
phy, changes in thoracic stent graft diameter of up to 5 mm
with aortic pulsatility were reported. In aortic dissection
there are more propensities for movement, because the
dissection flap moves with pressure. The experience of
treating aortic dissection with stent grafts is still relatively
new, and only time will tell whether these grafts will be less
durable than other thoracic repairs.

CONCLUSION

Using 3D pulsatile flow CFD techniques, we have
shown that the drag force on a thoracic stent graft is high,
and that it is dependent on the graft diameter and the
deployment position. In aortic dissections, consideration
must be given to drag force changes, because significant
graft diameter remodeling was evident.
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DISCUSSION

DR. STARNES: Chairman, ladies and gentlemen. At first
glance, computational fluid dynamic analysis of the forces exerted
upon stent grafts seems a bit challenging and daunting in terms
of the complex physics equations involved. Dr. Cheng and his
measurement of forces exerted upon stent grafts in the thoracic
location. More specifically, they have attempted to characterize
the forces exerted in a dissection model by introducing CT
measurements pre and post endovascular management of aortic

dissection.
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The authors have provided us with some valuable information.
Namely, that, (1) the drag forces exerted upon stent grafts in the
thoracic location increase dramatically with increasing diameter. In
this study an increase in graft diameter of 62%, that is, from 26 mm
to 42 mm, correlated with an increase in drag forces of 160%, with
the highest calculated drag force in this series being 30 N, which is
fivefold higher than the mean force exerted upon infrarenal bifur-
cated grafts; (2) the mere presence of curvature matters more than
the degree of curvature. Stated more plainly, substantial drag force
is exerted on a graft placed transversely in the arch versus those
placed in a rather straight portion within the descending aorta; and
(3) stent graft length has minimal impact on the drag force exerted
within the stent graft.

I have the following three series of questions for the authors:
Number one, your analysis was based on CT scans of 12 actual

patients presenting with uncomplicated type B aortic dissections.
Can you tell us more about these patients? What was the vintage of
the aortic dissections? We know that the septa tend to be leather-
like in chronic dissections. Were these all acute or a mixture of
acute and chronic? And how did the age of the dissection affect
drag force and aortic remodeling? More importantly, in followup
of at least 12 months, how many of the patients actually demon-
strated migration and did this correlate as you suggest, with drag
force?

Number two, currently the only stent graft in the US approved
by the FDA for implantation in the thoracic aorta is the WL Gore
TAG endoprosthesis. All of your thoracic stent grafts were Cook
TX2’s that have positive fixation in the form of barbs. In your
opinion, is positive fixation mandatory in the thoracic region based
on the momentum forces that you have shown to be exerted upon
these grafts?

And finally, this brings up the issue of managing uncompli-
cated type B aortic dissections. Are we to understand that you
manage all dissections with an endovascular approach? Current
literature suggests that roughly 30% of type B dissections progress
to aneurysmal degeneration; however, in our series we have ob-
served a smaller number to progress and the majority of these
patients have a benign clinical course with medical management
alone. What is your rationale for treating these patients?

I would like to thank the authors again for an elegant manu-
script and fine presentation and the Society for the opportunity to
discuss this paper.

DR. CHENG: Thank you very much, Ben, for the very

insightful comments.
The patients were a mix between acute, subacute and chronic
dissections. These represent our earliest experiences with a series of
patients with more than 12 months of followup. I believe 7
endografts were performed in the subacute stage meaning that
they are done within one month of the dissection, 2 patients were
treated in the acute stage, and 3 patients for dissecting aneurysms.
It is not within the confines of this study to investigate the
relationship of remodeling and the age of the dissecting flap and we
have found no correlation between the timing of the procedure
and remodeling in our series.

Two of our patients had shown some degree of stent graft
migration over the length of the followup period with one signif-
icantly. It may be a coincidence that both of these patients had very
large diameter grafts placed in their aorta – both were 42–mm
grafts. However, the position of the stent graft on the aorta is
dependent on the drag forces as well as the fixation forces. The
fixation forces are determined by a lot of variables like the length
and the health of the landing zone, and graft oversizing, the length
of the stent graft which provides friction, and whether there is any
distal attachment or bare stents. Without looking at these fixation
forces we cannot comment on whether the migration is a result of
increasing drag forces. It is also possible that an increase in migra-
tion of the stent graft could result in an actual expansion of the
diameter of the graft and therefore further increase in the drag
forces, but these are all speculations.

Our experience is mainly with the Cook TX2 graft. I believe
previous bench top studies on abdominal grafts have shown that
the grafts with hooks and suprarenal fixation would be able to
sustain a higher distraction force. I believe the distraction force
required to dislodge an abdominal graft is in the order of 24 N.
Since the result of this study showed that there is a significantly
higher drag force in the aortic arch, I believe the use of added
fixation is certainly highly desirable.

Concerning the indication of treating patients with type B dis-
section, I believe that it is still controversial. We certainly do not treat
all the patients with endovascular stent grafting. In acute situations,
we only treat patients with branch vessel compromise and end organ
ischemia or in a patient with severe pain. In subacute situations we
would offer this to patients when the aortic false lumen remained
patent, especially if the aortic diameter exceeded 4 cm. We do this in
3 to 4 weeks. In a chronic situation we only do aneurysms. We will not

treat a chronic stable type B dissection.
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