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LOOKING BEYOND
New Directions in Endovascular 
Treatment of Aortic Disease

The current generations of endovascular abdominal and thoracic aortic stent grafts continue to produce
favorable outcomes in appropriately selected patients, both in terms of immediate procedural success and the
available long-term results.

Incremental advancements in operator experience, device materials, delivery systems, and related technologies
such as imaging platforms have all contributed to the consistency and predictability of today’s procedures. These
devices are the result of nearly two decades of collaboration among innovative aortic specialists, researchers, engi-
neers, regulatory representatives, and device manufacturers. Of course, despite the successes observed with cur-
rent devices, industry continues to work with physicians to come up with new concepts and designs to bring even
better results to the patient populations who are currently being treated, and also to provide new options for
patients whose anatomies or disease states preclude them from undergoing endovascular or even surgical repair.

Medtronic, Inc., is very supportive of innovation through collaboration with physician partners and has there-
fore supported this supplement to highlight some of the emerging and future techniques in the field of aortic
disease therapy. A group of cutting-edge clinicians and researchers have been invited to share their insights into
the promise of truly “next-generation” approaches. These include in situ abdominal device fenestration, hybrid
surgical and endovascular arch procedures, and rapid ventricular pacing to assist in thoracic stent graft place-
ment. We also look at how translational technologies can augment endovascular procedures, detailing the
potential uses of several new platforms. Next, the current research and potential for navigation systems and
robotics are explored, followed by the role biological and cellular advances may play in aneurysm repair. Finally,
we share an exciting look ahead to the possible applications of nanotechnology in endovascular therapy.

Medtronic, Inc., would like to express its sincerest gratitude for the continued commitment to research and inno-
vation shown by these authors and the many groups currently working toward advancing the field of aortic therapy.
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T
he treatment of thoracoabdominal aneurysms
involving the fourth aortic segment or the aor-
tic arch remains a surgical challenge. Alternate
methods have been developed and evaluated

since the late 1990s.1-3 However, despite all of the efforts
to improve the overall outcome, the rate of perioperative
morbidity and mortality remains high, with a reported
70% to 90% mortality in ruptured cases.4,5 The use of
branched and fenestrated grafts has offered a less-inva-
sive therapeutic option for a select group of patients, but
only for elective aneurysm repair.5,6 A plethora of publica-
tions showing promising results for abdominal and tho-
racic hybrid procedures also reflect the variety of opera-
tive approaches that eliminate the risks of thoracoab-
dominal access and aortic cross-clamping. Prolonged
organ ischemia is the main cause of complex, postopera-
tive complications, including bowel ischemia, loss of kid-
ney function, spinal cord ischemia, systemic inflammato-
ry response, and fatal multiorgan failure.7,8

Retrograde in situ fenestration seems to be a feasible
technique for simplifying visceral revascularization in

abdominal debranching procedures. It was first used in
2002 as a bailout procedure for intraoperative occlusion
of the superior mesenteric artery (SMA) caused by the
migration of a thoracic endograft covering the orifice of
the SMA after a previous mesenteric-celiac bypass. After
using a tourniquet to fix the SMA, it was punctured 5 cm
distal to its origin and distal to the origin of celiac bypass,
using the needle to perforate the fabric of the graft and
to insert a stiff, nonhydrophilic J-tip wire under fluoro-
scopic control using a mobile C-arm. A 5-F sheath was
pushed forward, and the fabric puncture was dilated
with a 6-mm balloon. To stabilize the position of the fen-
estration, a 6- X 18-mm balloon-expandable stent was
placed under fluoroscopic control. This procedure can be
performed in 4 minutes, with immediate restoration of
blood flow after dilatation. Our patient survived without
any symptoms of visceral malperfusion but died from
myocardial infarction 3 years later. 

TECHNICAL ASPECTS
Since our first experience in 2002, 13 patients have

Retrograde In Situ
Fenestration in Abdominal
Debranching Procedures
Visceral revascularization in elective and emergency aneurysm repair.

BY JÖRG TESSAREK, MD

NEW DIRECTIONS IN ENDOVASCULAR TREATMENT OF AORTIC DISEASE

Figure 1. A female patient with ruptured Crawford II thoracoabdominal aneurysms and retroperitoneal hematoma. Abdominal

segment with retroperitoneal hematoma (A).Thoracoabdominal segment with 9-cm diameter and periaortic hematoma (B).

Thoracic segment of the aneurysm with a 6.5-cm diameter (C).

A B C
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been treated with this technique. Nine presented with
symptomatic or ruptured thoracoabdominal aneurysms,
and the other four were treated electively, showing 
an anatomy that was not suitable for fenestrated or
branched endografts. This technique has not changed
since 2002. In the elective debranching cases, the renal
arteries were initially bypassed, and the endograft was
then placed via femoral or iliac access. The exposed SMA
(and in two cases, the celiac trunk) was punctured in a
retrograde direction, followed by advancement of the
starter wire. The needle was pushed forward, perforating
the fabric of the graft, while the stiff wire was placed in a
stable position inside the graft under fluoroscopic con-
trol.

After inserting an 8-F sheath to reach the inner lumen,
the fabric was predilated with a 6-mm balloon, and a
6- to 8-mm covered stent (Advanta V12, Atrium Medical
Corporation) was deployed in the target vessel with suffi-
cient overlap. A 10- to 12-mm balloon can be used to
flare the inner orifice, and when necessary, to adapt the
visceral length of the covered stent to the diameter of the
target vessel. In ruptured cases, the endografts were
deployed after preparation of the SMA to exclude the
aneurysm and prevent further bleeding. The SMA was
then revascularized in the manner described previously.
The bowel ischemia time was between 3 and 5 minutes.
In the majority of ruptured cases, the collateral flow to
the celiac trunk was estimated to be sufficient when a
complete filling of the splenic, hepatic, and left gastric
artery could be seen in the control angiography after
stenting of the SMA. The celiac trunk was then ligated.

Five of the ruptured cases showed diffuse malperfu-
sion of the abdominal organs due to hemorrhagic shock

and extensive retroperitoneal
hematoma. One presented with
pre-existing segmental necrosis
of the descending colon. With
graft deployment, retrograde
stenting, and stabilization of
blood pressure and organ perfu-
sion, the bowel showed normal
color and was peristaltic in all
the patients except for one.

RESULTS 
Two intraoperative deaths

occurred due to acute heart fail-
ure and hemorrhagic shock. All
of the patients who survived
rupture underwent a second-
look procedure to avoid abdom-
inal compartment syndrome

and undetected delayed bowel ischemia, which none of
the patients developed. Two patients showed severe
ischemic pancreatitis with organ necrosis, leading to one
death and prolonged intensive care >4 weeks in the
other case. None of the patients had to be converted or
had to undergo a thoracic cutdown.

DISCUSSION
With the fenestrated or branched technique, elective

repair of thoracoabdominal aneurysms using local or
regional anesthesia has become feasible, either using a
percutaneous approach or through a small incision in the
groin. Due to the need for exact planning and building of
the graft, this is not an option for urgent or emergency
cases. McWilliams et al9 have described an in situ fenes-
tration technique via percutaneous access to preserve
antegrade perfusion of the subclavian artery while using
standard endografts for thoracic aneurysm exclusion.

Retrograde fenestration in debranching procedures
does not require preoperative 3D reconstructions and
CT scan measurements to determine the localization of
fenestrations. Even in stenotic vessels, the fabric puncture
and stent placement can be performed safely and quickly.
The technique is simple and decreases the ischemia time
for the visceral organs from 10 to 15 minutes for conven-
tional anastomosis down to 3 to 5 minutes. Retropan-
creatic manipulation is not necessary to expose an
appropriate segment of the SMA. The endovascular
deployment of the prosthetic material without exposure
to the vicinity, such as pancreas or bowel, minimizes the
risk of infection or pancreatitis, although this seems to be
more common in patients with severe hypotension and
hemorrhagic shock due to rupture organ ischemia
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Figure 2. Intraoperative angiography of iliac-renal bypass and bridging device (A) and

the in situ angiography (B).The Advanta V12 (Atrium Medical Corporation, Hudson, NH)

shows a small waist at the level of fabric perforation and postdilatation.

A B
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(including ischemic pancreatitis). Depending on the
anatomy, the celiac trunk may allow retrograde puncture
and stenting as well.

The technical problems discovered arose from the
anatomy of the SMA and the diameter of the aneurysm
sac at the level of the visceral vessels. The puncture of the
fabric was difficult in steep angulations because the tip of
the needle had to be guided toward the fabric by digital
compression of the aortic wall segment directly above
the origin of the SMA. In huge aneurysms with no, or
very little, thrombotic material on the dorsal side, the
deployed stent graft was pushed backward while trying
to puncture the fabric. The different grafts we used
showed unique resistances to puncture and especially to
sheath insertion. Due to the difference in fabric, the
Valiant device (Medtronic, Inc., Minneapolis, MN), which
is currently only available in Europe, could be punctured
with low resistance, whereas the fabric of the Zenith
device (Cook Medical, Bloomington, IN) was more resist-
ant to the puncture and sheath insertion.

The basic principle of this technique is the same as
hand-cut, in situ fenestration, or the early manufacturer-
made fenestrated devices. The durability of the Advanta
V12 covered stents used for these cases has been proven
in our experience with 171 fenestrated and branched
grafts. In contrast to the use of bare-metal stents in fen-
estrations, there are no signs of fabric or stent fatigue of
covered stents in a follow-up period of up to 68 months.
In addition to the ready availability of this in situ fenes-
trated graft, the advantages include the quick revascular-
ization of the visceral perfusion without material expo-
sure to a potentially hostile environment, and the elimi-
nation of time-consuming cannulation. 

The fatal clinical outcome of four patients who experi-
enced rupture was determined by rates of myocardial
infarction in two of them, and necrotizing pancreatitis
with multiorgan failure in the other two. Pulmonary
complications were responsible for a prolonged stay in
the intensive care unit for more than 40 days. None of
the patients developed bowel ischemia or bowel infarc-

tion. All of the patients who experienced rupture under-
went a second-look operation. The abdomen was left
open for 1 to 2 days to eliminate the risk of an abdominal
compartment after extensive retroperitoneal hematoma. 

CONCLUSION
Retrograde in situ fenestration seems to be a safe and

feasible alterative to surgical anastomosis for the visceral
arteries (Figures 1 through 3). This novel technique allows
the performance of safe and time-saving revasculariza-
tion of visceral arteries while avoiding a technically
demanding conventional anastomosis. This new tech-
nique may represent significant improvement compared
to the standard approach of surgical exposure and
sutured anastomosis by reducing ischemia time and the
potential risk for clamping damage of the target vessels
and leaving no prosthetic material exposed to the
retroperitoneal or retropancreatic space.

We keep this technique on hand as an alternative
option to open thoracoabdominal and hybrid repair in
elective or emergent cases when premanufactured fenes-
trated or branched grafts are not available or not suit-
able for the given anatomy. The follow-up for these
patients has to be performed with the same accuracy as
for fenestrated grafts, with ultrasound, x-ray of the stent
grafts, computed tomography scan (if necessary), and
control of renal function for detection of migration,
stent fractures, and loss of renal function. The vicinity of
the covered bridging devices to the stent struts of the
main body or the sutures still has to be evaluated. Stent
fractures and graft migration or rotation with the loss of
target vessels are reported10-17 in fenestrated and
branched graft surveys. ■

Jörg Tessarek, MD, is Consultant Vascular Surgeon,
Clinic for Vascular Surgery, Centre for Vascular and
Endovascular Surgery, University Hospital Münster, in
Münster, Germany. He has disclosed that he holds no
financial interest in any product or manufacturer men-

NEW DIRECTIONS IN ENDOVASCULAR TREATMENT OF AORTIC DISEASE

Figure 3. Computed tomography scan results at different levels 13 days after retrograde in situ fenestration and renal artery

bypass showing patency of celiac trunk and SMA.The huge hematoma was asymptomatic.

(Continued on page 13)
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E
ndovascular technologies have successfully affect-
ed our approach to atherosclerotic aneurysms of
the descending thoracic aorta (DTAA).1 This less-
invasive approach to the thoracic aorta has

enabled patients with DTAA to benefit from a quicker,
less painful recovery after treatment, and furthermore
allows some high-risk patients who are not surgical can-
didates to receive treatment. Patients with diseases of the
descending thoracic aorta other than atherosclerotic
aneurysms (such as acute Type B aortic dissections with
malperfusion and traumatic aortic transection) have also
been successfully treated in an off-label fashion using
thoracic endografting technologies (Table 1).2 In fact,
almost half of all thoracic endografting cases performed
in the US are for aortic diseases other than DTAA or for
aortic anatomies that are off label. Currently, clinical trials
are being developed to better understand the safety and
efficacy of many of these off-label uses.

Another area of development relating to endovascular
treatment of the thoracic aorta is off-label repair of the
aortic arch using thoracic aortic stent grafts. Hybrid arch
repair—combining open surgical arch repair with tho-
racic endografting techniques—takes advantage of both
a less-invasive surgical approach and endovascular tech-
nologies.2,3 This approach has been used to treat athero-
sclerotic aneurysms of the aortic arch, chronic arch dis-
sections with aneurysmal expansion of the false lumen,
and penetrating ulcers of the aortic arch. Potential
advantages of hybrid arch repair are numerous and
include minimizing operative risk, lessening metabolic
insult secondary to cardiopulmonary bypass (CPB), and
avoiding a second operative surgery.

Because hybrid arch repair has only recently been
developed and attempted in a limited number of
patients, there is currently no consensus on patient selec-

tion and operative technique. Several small, single-center
series and case reports have been published describing a
variety of operative techniques.4,5 As hybrid arch repair
has evolved, four main factors have become significant in
the conduct of the procedure and must be addressed
when developing an operative plan (Table 2). The first
factor to be addressed is the type of aortic pathology. 

Aortic disease localized solely to the aortic arch, such

The Evolution and
Future Directions of
Hybrid Arch Repair
Endovascular technology has enabled a novel and less-invasive approach to the aortic arch
that is evolving in many directions. 

BY GRAYSON H. WHEATLEY III, MD

• Extent of aortic arch disease (focal vs extensive)
• Involvement of cardiopulmonary bypass 

(on- vs off-pump)
• Revascularization of the great vessels
• Surgical versus endovascular repair of the aortic arch

TABLE 2.  FACTORS AFFECTING TYPE
OF HYBRID ARCH REPAIR

• Atherosclerotic aortic aneurysms
• Uncomplicated acute Type B aortic dissections
• Acute Type B aortic dissections with malperfusion
• Chronic Type B aortic dissections with aneurysmal 

dilation of the false lumen
• Intramural hematomas
• Penetrating aortic ulcers
• Traumatic aortic transections
• Aortobronchial fistulae
• Aortoesophageal fistulae
• Aortic pseudoaneurysms
• Anastomic pseudoaneurysms

TABLE 1.  COMPLEX AORTIC PATHOLOGIES
AMENABLE TO THORACIC AORTIC

STENT GRAFTING
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as a focal arch aneurysm, can be treated with endovascu-
lar arch exclusion using a thoracic stent graft combined
with debranching of the great vessels and is managed
fundamentally differently than a diffuse aortic process
such as an arch dissection extending into the descending
thoracic aorta. When the dissection extends into the
descending thoracic aorta, standard arch repair can be
combined with endovascular stent grafting of the
descending portion. The second factor that affects the
type of hybrid arch repair to be performed is the role of
CPB in the performance of the surgical component.
Surgical approaches to the arch can involve off-pump
technologies, CPB alone, and CPB combined with deep
hypothermic circulatory arrest.6

The third factor to consider in the performance of
hybrid arch repair is which great vessels are to be revascu-
larized and what the method of revascularization will be.
Controversy exists concerning the need to revascularize
the subclavian artery in some patients. Certain patients
require mandatory revascularization, and these criteria
have been previously described. However, some surgeons
believe that the subclavian artery can be selectively
bypassed.7 Finally, the role the endovascular stent graft
plays in the hybrid arch procedure can vary. The stent
graft can completely exclude the arch pathology, such as
in focal aortic arch pathologies, or the stent graft can
extend the surgical arch repair into the descending tho-
racic aorta.

Before outcomes of hybrid arch repair can be com-
pared to open surgical repair, it is important to classify
the different types of hybrid arch repair. Once a classifica-
tion system is instituted, it will be possible to determine
the safety and efficacy of different hybrid arch approach-

es so that techniques with
superior results can be rec-
ognized. Discussing out-
comes of hybrid arch repair
in aggregate is not an accu-
rate representation of this
emerging approach to the
aortic arch because there
are so many varied proce-
dures that fall under the
umbrella of hybrid arch
repair. With all the different
surgical and endovascular
approaches involved in per-
forming hybrid arch repair,
it is difficult to make impor-
tant comparisons between
one hybrid arch repair and
another. Future success or

failure of hybrid arch repair will rest on our ability to
accurately compare different hybrid arch repair
approaches to open surgical techniques.

CLASSIFICATION OF HYBRID ARCH REPAIR
Hybrid Type I

Hybrid Type I procedures are defined as repair of aortic
arch pathology using standard arch replacement tech-
niques in combination with endovascular stenting of the
descending thoracic aorta (Figure 1). The endovascular
portion of the procedure can be performed either simul-
taneous with the surgical arch repair or as a separately
staged procedure. Hybrid Type I procedures are frequent-
ly called frozen elephant trunk procedures. If the thoracic
aortic stent grafting component is performed as a simul-
taneous procedure at the time of the open arch repair,
the endovascular stent graft is delivered antegrade
through the open aortic arch into the descending tho-
racic aorta during deep hypothermic circulatory arrest
(Hybrid Type Ia). However, if the endovascular repair is
performed as part of a staged procedure, then the stent
graft is delivered using a retrograde femoral approach
(Hybrid Type Ib). 

When using a staged approach, it may be helpful to
place radiopaque markers or clips on the Dacron graft in
the descending thoracic aorta to facilitate retrograde
cannulation of the surgical graft. Regardless of the
method and timing of delivery of the endovascular stent
graft, the fundamental distinction of Hybrid Type I pro-
cedures is that the arch disease is repaired using standard
open surgical techniques. The endovascular thoracic
stent graft becomes an extension of the surgical repair
into the descending thoracic aorta and a means of avoid-

Figure 1. Hybrid Type I aortic arch repair. Figure 2. Hybrid Type II aortic arch repair.
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ing a left lateral thoracotomy for repair of the arch dis-
ease extending into the descending thoracic aorta.

Patients undergoing Hybrid Type I procedures are
deemed operative candidates for standard arch repair
including the use of CPB and deep hypothermic circula-
tory arrest. It is frequently the secondary operative pro-
cedure that is avoided using this approach. Although
there are many surgical techniques described for arch
repair, all of them require CPB. The successful completion
of a Hybrid Type I procedure depends on being able to
land a thoracic stent graft into prosthetic surgical Dacron
graft material in continuity with the arch repair. The sur-
gical technique used for the arch repair can be variable.
In addition, the type of thoracic aortic stent graft used is
not significant. Although there may be a theoretical con-
cern with durability in relation to landing bare-metal
springs into the Dacron graft, in fact all three of the cur-
rently approved stent grafts can be used to interface with
the surgical Dacron graft.

There may be some survival benefit to fully repairing
the arch and descending thoracic aorta together (Hybrid
Type Ia) as opposed to a secondary intervention several
weeks later (Hybrid Type Ib). Both types of procedures
are reserved for patients with arch disease that extends
into the descending thoracic aorta. Some of the patients
who undergo an elephant trunk
procedure may have an adverse
event in the interval between arch
repair and endovascular thoracic
stent grafting. In addition, some
patients may be so debilitated
after the initial open surgical arch
repair that they never make it to
the second stage of the proce-
dure. The theoretical advantage of
a Hybrid Type Ia approach versus
a Hybrid Type Ib repair has yet to
be determined and should be
compared independently to
staged open surgical elephant
trunk repairs. Future studies will
be necessary to determine both
the early and late-term outcomes
of Hybrid Type I procedures.

Hybrid Type II
Hybrid Type II procedures differ

fundamentally from Hybrid Type I
procedures with respect to the
management of the aortic arch. In
Hybrid Type II procedures, the
arch is left intact and is complete-

ly excluded from arterial circulation using an endovascu-
lar stent graft (Figure 2). This approach involves landing
the thoracic aortic stent graft in aortic zone 0 after a sur-
gical revascularization of the great vessels. The debranch-
ing or revascularization of the great vessels can be per-
formed either in an off-pump fashion using a side-biting
cross-clamp on the ascending aorta or using nonarrested
CPB assist. Hybrid Type II aortic arch repair implies a less-
invasive approach because deep hypothermic circulatory
arrest is avoided as well as possibly CPB. This theoretical
advantage has yet to be substantiated; however, Hybrid
Type II procedures may be a better alternative for high-
risk surgical candidates who are deemed unable to
undergo standard open surgical arch repair due to signifi-
cant medical comorbidities.

Like Hybrid Type I procedures, Hybrid Type II proce-
dures can be performed in a simultaneous (Type IIa) or a
staged (Type IIb) fashion. When performed as a simulta-
neous procedure, the thoracic aortic stent graft is deliv-
ered in an antegrade approach through a separate con-
duit sewn to the Dacron bypass graft. This technique also
involves a through-and-through guidewire to facilitate
tracking of the thoracic aortic stent graft around the aor-
tic arch. The antegrade, simultaneous approach is best
for patients with challenging femoral access and can

decrease operative mortality
related to access complications.
It is useful to place a radiopaque
marker on the ascending aorta at
the level of the origin of the
great vessel bypass grafts to
enhance accuracy of achieving
proximal seal in the ascending
aorta. It is also critically impor-
tant to ensure that the diameter
of the ascending aorta is com-
patible with available thoracic
aortic stent graft sizes and that
there is sufficient ascending aor-
tic length to land a stent graft. If
this is not the case, then it will be
impossible to achieve proximal
seal of the stent graft in the
ascending aorta, and a proximal
Type I endoleak will result. In
extreme cases, the ascending
aorta can be surgically replaced
with an interposition tube graft
prior to creating the great vessel
debranching, thus creating a
suitable landing zone in the
Dacron graft.

Figure 3. A 64-slice computed tomography

reconstruction on a Hybrid Type II repair of a

chronic aortic arch dissection extending into

the descending thoracic aorta with revascular-

ization of the great vessels.
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For Hybrid Type IIb procedures, the thoracic aortic
stent graft is delivered in a staged procedure. The advan-
tage of this approach in high-risk patients is that it allows
them to recover from the metabolic insult of the surgical
debranching prior to compounding additional operative
room time and intravenous contrast usage. The stent
graft is delivered from a retrograde femoral approach,
and, in patients with challenging femoral access, a
retroperitoneal conduit can be placed. Again, it is useful
to have a radiopaque marker placed on the ascending
aorta at the level of the ascending aortic anastomosis to
achieve an accurate proximal seal. There are many ways
to revascularize the great vessels, and some of these
approaches include direct end-to-end bypasses to each
great vessel or a single bypass off the ascending aorta to
the innominate artery followed by an extra-anatomic
bypass to the other great vessels (Figure 3). Once again,
no studies have yet looked at the differences in outcomes
between Hybrid Type IIa and IIb procedures.

SUMMARY
Hybrid arch repair is emerging as potential treatment

of patients with aortic arch disease. There are many dif-
ferent types of hybrid arch repairs described. Hybrid Type
I procedures involve surgically replacing the aortic arch
and extending the treatment into the descending tho-
racic aorta with an endovascular stent graft. Hybrid Type
II procedures involve an off-pump surgical revasculariza-
tion of the great vessels combined with total arch exclu-
sion using a thoracic aortic stent graft. Outcomes for
Hybrid Type I versus Type II procedures have yet to be
compared, but in general, patients treated with a Hybrid
Type II procedure are higher risk and have more medical
comorbidities. Likewise, aggregate outcomes for Hybrid
Type I and Type II procedures and open surgical out-
comes are difficult to compare. However, based on sever-
al small single-center studies, hybrid arch repair proce-

dures compare favorably with large single-center studies
using open surgical repair techniques.

Developing an accurate classification system for hybrid
arch procedures is the first step toward understanding
the safety and efficacy of various techniques used for
hybrid arch procedures and subsequently for comparison
with standard open surgical arch repair. As these proce-
dures continue to become refined with improvement in
surgical and endovascular techniques, new generations of
branched thoracic aortic stent grafts are being developed
and may ultimately affect the endovascular treatment of
aortic arch disease. However, we are still several years
away from having the first branched thoracic aortic stent
graft approved in the US, and until this time comes,
hybrid arch repairs offer a less-invasive alternative to
open surgical arch replacement. ■

Grayson H. Wheatley III, MD, is from the Department of
Cardiovascular Surgery at the Arizona Heart Institute in
Phoenix. He has disclosed that he is on the scientific adviso-
ry board of and has received a research grant from W. L.
Gore & Associates; he is a consultant to and has received a
research grant from Medtronic, Inc.; and he has received a
research grant from Bolton Medical. Dr. Wheatley may be
reached at (602) 604-5261; gwheatley@azheart.com.
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T
he Stanford group initially proposed the use of
thoracic stent grafts to treat aneurysms of the
descending aorta.1 Over time, the indications
for use of thoracic stent grafts expanded to dis-

eases such as traumatic tears, Type B aortic dissections,
and arch pathologies.2,3 The experience with thoracic
stent grafts, especially in high-risk patients, demonstrates
a decrease in perioperative mortality and paraplegia rates
compared to a standard open procedure.4,5 Moreover,
graft technology has substantially evolved since the initial
custom-made thoracic devices. Improvements in graft
conformability, trackability, and device deployment sys-
tems have allowed for the expanding use of thoracic
stent grafts in challenging angulated aortic anatomy and
have made it possible to treat more proximal arch dis-
eases combined with extra-anatomical bypasses.
However, to minimize perioperative complications and
to avoid unintended coverage of important aortic side
branches, accuracy in stent graft deployment is para-
mount in these complex procedures. We describe the
emerging role of rapid ventricular pacing as an adjunct
for thoracic stent graft deployment.

GRAFT DEPLOYMENT CHARACTERISTICS AND
TECHNIQUES

First-generation pusher-rod systems tracked poorly and
required forceful maneuvers to deploy the graft in the
arch or in angulated anatomy, which occasionally led to
inaccuracy in stent graft positioning. Furthermore, the
prolonged arch manipulations may have contributed to
the higher stroke rate found in earlier series.6 Develop-
ments of newer generations of thoracic stent grafts have
enhanced the precision of stent graft deployment. The
middle-to-outward deployment system of the Gore TAG
device (W. L. Gore & Associates, Flagstaff, AZ) allows for
rapid deployment even in angulated anatomy. The cap-

ture tip of the TX2 system (Cook Medical, Bloomington,
IN) permits the stent graft to be unsheathed yet allows
repositioning of the stent graft before final deployment.
The Xcelerant delivery system of the Talent and Valiant
stent grafts (Medtronic, Inc., Minneapolis, MN) has sig-
nificantly decreased the deployment forces and allows for
progressive controlled release of the stent graft for pre-
cise placement.

Systemic hypotension has been traditionally used to
facilitate deployment of thoracic stent grafts and still
remains a common technique. Adenosine-mediated car-
diac arrest has been suggested to improve stent graft
deployment accuracy in short-neck circumstances, and in
Type B dissection and arch deployment.7,8 However, vari-
ability in the dose-effect relationship, and the occasional-
ly prolonged periods of hypotension, have led endovas-
cular specialists to seek a more reliable adjunctive tech-
nique to optimize stent graft deployment accuracy. Since
2006, we have used rapid ventricular pacing for thoracic
stent graft deployment.

RATIONALE FOR RAPID VENTRICULAR PACING
Thoracic stent graft procedures with a proximal land-

ing zone in the arch are exposed to a high-pressure and
high-cardiac-output environment. In addition, the angu-
lated arch may further jeopardize the accuracy of stent
graft deployment. The high cardiac output contributes
significantly to the “windsock” effect and the backward
stent graft movement observed during arch deploy-
ments. Decreasing blood pressure with vasodilating
agents further increases the cardiac output and, conse-
quently, the cardiac output-mediated windsock effect
during deployment. 

Cardiac output may be temporarily abolished by
induced ventricular fibrillation, bicaval inflow occlusion,
adenosine arrest, or rapid ventricular pacing. Adenosine

Rapid Ventricular
Pacing to Facilitate Thoracic
Stent Graft Deployment
An overview of current rationale, techniques, indications, and results. 

BY FRANÇOIS DAGENAIS, MD; ERIC DUMONT, MD; AND PIERRE VOISINE, MD
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arrest and rapid ventricular
pacing offer the advantage of
ease of use. As opposed to
adenosine arrest, rapid ven-
tricular pacing is basically an
on-off switch; thus, the dura-
tion of the cardiac arrest is
controlled. Unfortunately, the
duration of the heart arrest
with adenosine is highly vari-
able. An unplanned ventricu-
lar ejection during arch
deployment may be cata-
strophic, especially because
the stroke volume in this cir-
cumstance will be significantly
higher considering a high left
ventricular end diastolic vol-
ume. In addition to the con-
trol of the cardiac arrest peri-
od, rapid ventricular pacing
offers a quick return to normal
hemodynamics after discon-
tinuation of pacing. 

Maintenance of at least nor-
mal systemic pressure during thoracic stent graft proce-
dures is often overlooked. Prolonged hypotension during
thoracic stent graft operations has been shown to con-
tribute to spinal cord hypoperfusion, which may lead to
spinal cord ischemia.6 Rapid ventricular pacing may thus
minimize changes in hemodynamics and optimize
medullary blood flow, especially in procedures in which
the left subclavian artery is covered and the descending
aorta is fully paved by stent grafts. Furthermore, pro-
longed hypotension after deployment may render a
patient with limited cardiac reserve unstable.

In addition to improving the precision of achieving the
stent graft landing site, rapid ventricular pacing decreases
aortic trauma by minimizing the shear stress during the
graft apposition to the aortic wall. This advantage is
especially important in the presence of a diseased aortic
wall, such as in Type B dissection or in a heavily athero-
sclerotic aortic arch. Complications such as retrograde
Type A dissections or embolic strokes are less likely to
occur with a graft apposed to the aortic wall under zero
aortic pressure and flow.

RAPID VENTRICULAR PACING TECHNIQUE AND
INDICATIONS
Technique

Use of rapid ventricular pacing mandates general
anaesthesia. External defibrillator pads are positioned

and connected to an external defibrillator. A Swan Ganz
pacing catheter (Edwards Lifesciences, Irvine, CA) is
inserted through a right percutaneous jugular vein
approach, with its distal lumen positioned in the pul-
monary artery (Figure 1A). A pacing lead is inserted into
the right ventricular port of the catheter. The distal end is
connected to an external pacemaker generator (Figure
1B). The lead is located at the orifice of the Swan Ganz
catheter within the right ventricle when the white-green
transition zone has reached the 0 marker (Figure 1C).
Usually within the next 5 cm, the lead tip should contact
the right ventricle wall and induce pacing. The pacemak-
er is programmed in an asynchronous mode, and the
right ventricle is stimulated up to 220 bpm to ensure
good lead capture and the abolishment of the cardiac
output (Figure 2). During the procedure, the systemic
blood pressure is kept at normal to supranormal values
of the patient’s preoperative baseline value to ensure
quick hemodynamic recovery after pacing periods.
Pacing is commenced immediately before graft deploy-
ment or ballooning and ceased once the maneuver is ter-
minated. Pacing may be repeated if further stent grafts or
balloon dilatations are required.

Indications
Although rapid ventricular pacing offers minimal

advantages in patients with isolated lesions of the mid-

Figure 1. A Swan Ganz pacing catheter

introduced through the right jugular

vein. Note the extra port to insert the

right ventricular pacing lead (A).The

pacing lead is connected to an exter-

nal pacemaker generator (B).

Transition zone at which the pacing

lead is located at the orifice of the

catheter within the right ventricle (C).

A B

C
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descending aorta with good proximal and distal landing
zones, we believe that one should be familiar with the
technique in such cases.

We currently use rapid ventricular pacing for all aortic
arch and Type B dissection stent graft procedures.
Moreover, rapid ventricular pacing may be useful for
deployment in angulated aortic anatomy. In such circum-
stances, pacing during balloon dilatation minimizes the
risk of stent graft migration. 

RESULTS AND PITFALLS OF RAPID 
VENTRICULAR PACING

Few investigators have proposed the use of rapid ven-
tricular pacing for thoracic stent graft procedures.9-11

Nienaber and colleagues9 reported the use of rapid ven-
tricular pacing in 27 patients treated for various thoracic
diseases and compared the level of hypotension, the
hemodynamic recovery, and the procedure time to two
other groups in which the thoracic stent grafts were
deployed either with adenosine (n=16) or with induced
hypotension (n=27). They observed more pronounced
hypotension, an enhanced hemodynamic recovery, and
shorter procedure length within the rapid ventricular
pacing group. Our institutional experience shows similar
results among 62 patients treated with rapid ventricular
pacing since 2006. More specifically, we utilized rapid
ventricular pacing to deploy thoracic stent grafts in 19
consecutive patients with complicated type B dissection.
The technical success rate was 100%. No early mortality
or paraplegia was encountered. Furthermore, no retro-
grade type A dissection developed during the periopera-
tive period; a complication was reported in 2% of
patients in a recent meta-analysis.12 

From a hemodynamic standpoint, rapid ventricular pac-
ing was very well tolerated in our cohort of patients. This

finding is further supported by the percutaneous aortic
valve literature. Hemodynamic recovery after rapid ven-
tricular pacing in this setting is excellent, even in the pres-
ence of significant ventricular dysfunction.13 Although we
use rapid ventricular pacing in an asynchronous mode, we
have not observed ventricular fibrillation in our patients.
We believe that the asynchronous mode minimizes the
risk of inadvertent ejection due to inappropriate sensing
during rapid ventricular pacing (Figure 3). Furthermore,
placement of the ventricular lead should be done meticu-
lously to avoid a possible right ventricular perforation; this
complication, however, is not encountered in our cohort.

Although rapid ventricular pacing facilitates graft posi-
tioning in difficult situations, one should not compro-
mise on anatomical prerequisites to select patients for
thoracic stent grafting. A proximal and distal neck of at
least 15 to 20 mm should be respected to ensure a good
midterm outcome.

CONCLUSION
Accuracy in thoracic stent graft deployment depends

on many factors, such as the landing zone in the thoracic
aorta, the presence of a tortuous aorta, the graft type
and deployment mechanism, the experience of the oper-
ator, and the quality of imaging. Use of rapid ventricular
pacing reduces the windsock effect during stent graft
deployment. Furthermore, rapid ventricular pacing
allows the graft to appose to the aortic wall under zero
aortic pressure and zero cardiac output, thus minimizing
aortic wall shear stress in fragile aortas. Moreover, the
technique of rapid ventricular pacing is easy, safe, and
reproducible. Rapid ventricular pacing should be consid-
ered as a useful adjunct to enhance the precision of tho-
racic stent graft deployment and to minimize aortic trau-
ma in dissected aortas. ■

Figure 2. Rapid ventricular pacing at 220 bpm demonstrating

complete abolishment of the arterial pressure (red curve).

Figure 3. Incorrect sensing of the pacemaker resulting in an

inadvertent ejection during the asystolic period (red curve).
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A
n estimated 43,000 to 47,000 people die annu-
ally in the US from aortic disease.1 Endovasc-
ular aneurysm repair (EVAR) is increasingly
performed as an alternative to open surgery

for the treatment of aortic disease. In addition to the
treatment of aneurysms, EVAR of dissections, trauma,
pseudoaneurysms, and intramural hematoma has been
reported.1-4 EVAR has the potential to reduce acute mor-
bidity and mortality for specific indications and target
populations. For example, thoracic endovascular stent
graft deployment has reportedly lower rates of paraple-
gia than open surgery.1,3,4

Technology continues to evolve in its potential to treat
more complex clinical scenarios that are accompanied by
difficult anatomy.2,5,6 For example, the experimental use
of stent grafts has been reported in cases with shorter
necks, which include planned coverage of the subclavian
artery (in up to 20% of thoracic stent graft procedures,
the majority of which will require brachiocephalic revas-
cularization).2,7 In addition, reports of combined surgical
and endovascular procedures suggest the potential for
extension of stent graft applications to the aortic arch,
ascending aorta, and thoracoabdominal aortic patholo-
gies.8,9 Side-branched and fenestrated aortic stent grafts
may mitigate some of these problems for inoperable
patients, but in general, EVAR procedures can be prone
to poor visualization and difficult anatomy requiring
large quantities of contrast.5,6,10,11 Techniques to reduce
contrast requirements and facilitate visualization could
counter these limitations and improve EVAR outcomes.

The combinations of imaging modalities that are used in
endovascular interventions have been a fertile area of
research and application during the past decade. Certainly,

the use of more than one modality (or fused modalities)
either simultaneously or in sequence has tremendous
appeal because it provides key information during different
stages of endovascular procedures (Figure 1). Exactly when
this information adds vital clinical value is also an area of
debate and interest. The combination of intravascular
ultrasound and fluoroscopy, CT and fluoroscopy, magnetic
resonance imaging (MRI) and fluoroscopy, and fluoroscopy
and cone beam CT are being studied for vascular therapies
such as EVAR. The recent optimization of rotational
angiography adds a new twist to this paradigm as well,
offering postprocessed CT from rotational angiography

Translational Technologies
in EVAR: Multimodality
Interventions
Optimizing tomorrow’s tools in the preclinical laboratory.

BY JOHN W. KARANIAN, PHD; NADINE ABI-JAOUDEH, MD; NEIL GLOSSOP, PHD;

KEVIN CLEARY, PHD; O. ALBERTO CHIESA, DVM, PHD; MATTHEW DREHER, PHD;

WILLIAM F. PRITCHARD, MD, PHD; AND BRADFORD J. WOOD, MD

Figure 1. Multimodality interventional translational suite:

electromagnetic (EM) tracking, ultrasound, fluoroscopy, and

computed tomography (CT) imaging during a preclinical

nonsurvival procedure examining the accuracy of navigation-

al paradigms using smart interventional devices enabled

with the medical equivalent of GPS.
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source data in rapid, clinically relevant time frames and
with clinically relevant fields of view.

Navigation tools may also be the bridge between imag-
ing modalities. EM and optical tracking can provide the
backbone for an array of imaging techniques within and
among different modalities. Smart guidewires equipped
with EM sensors can correlate position and orientation
information in real time to display multiparametric data
from different modalities with real-time updates.
Advances in cross-sectional imaging or MRI contrast may
eventually localize functional or lesion characteristics,
such as vulnerable plaque. This type of geometric local-
ization could be used in real time during standard revas-
cularization procedures via the registration and fusion
tool of the tracked guidewire. The inter-
ventional surgeon, cardiologist, or radiol-
ogist can have multimodality volumetric
information at his or her fingertips or
wire tips. Standard endovascular devices
can be manipulated in a specially
equipped fluoroscopy suite for preproce-
dural imaging, such as positron emission
tomography (PET) or MRI, without
requiring the PET or MRI to be physically
present. In addition, 3D reconstruction of
anatomic relationships coupled with real-

time positional information for the body and interven-
tional devices during delivery of an aortic stent graft
could provide meaningful intraoperative data (Figure 2).
The real-time 3D display of spatial relationships for
devices and patient anatomy, including critical anatomic
sites such as vessel origins or bifurcations, can assist in
guiding the manipulation and deployment of devices.
Determining when this helps in a cost-effective manner is
key. 

EM TRACKING
Although commonly referred to as the GPS system for

medical instruments, these medical positioning systems
use locally placed EM field generators instead of satellites
to locate sensor coils incorporated within devices such as
guidewires, catheters, needles, or ultrasound transducers.
These devices are emerging as a component of the multi-
modality imaging suite for use in routine image-guided
interventions.

Until recently, EM tracking systems were highly suscep-
tible to metal interference with bulky sensor coils and
were typically not accurate enough for routine use in the
standard metallic medical environment. Accuracy may
have been adequate for motion capture in the entertain-
ment or gaming industry but was not acceptable for
medical applications. Modern technology uses smaller
sensors and more accurate field generators and is also
less susceptible to metal interference than older systems.
EM tracking systems consist of the field generator or
transmitter that sends out weak EM pulses (typically
under 100 µT) from multiple transmission coils. These
EM signals induce small currents in sensors (typically
small coils) placed within the working space (approxi-
mately 500 X 500 X 500 mm) near the field generator.
The signals are transmitted by wires to the position sen-
sor unit that decodes the position and orientation of the
sensor relative to the transmitter. Passive EM tracking sys-
tems are also becoming available, which rely on a tech-
nology such as radiofrequency identification that uses
the position sensor to wirelessly power the tracking ele-

Figure 2. Human CT angiography (A), swine CT angiography (B),

and 3D volume rendering of human (C) and swine (D)

abdominal aortoiliac region. A simulation tool (cvSim,

Cardiovascular Simulation, Inc., Stanford, CA) was used to

generate 3D images (C,D) and computational grid for swine

(E) that allows for flow and force evaluations.

Figure 3. Tracked 22-gauge fine aspiration biopsy needle (sensor is embedded

within the tip of the stylette) (A). Sensor coils used in EM tracking (Traxtal Inc.,

Toronto, Canada) (B).
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ment with a pulse of EM energy and then transmits its
location. Sensors are now small enough to be embedded
within the tips of many instruments including needles,
guidewires, stents, and stent grafts as well as catheters or
transducers and a variety of other minimally invasive
instruments (Figure 3). Accuracy in the lab and in rigid
anatomy has a range of 1 to 2 mm; however, the clinical
accuracy in mobile soft tissue (such as liver or lung tis-
sue) drops to 3 to 5 mm in breathing patients but can be
partially corrected with dynamic motion compensation,
gating, or image processing techniques.12

These tracking devices are usually integrated as part of
image-guided intervention systems that use the position
information from the instrument to display the location
on preprocedural images (such as CT, PET, or MR) or in
combination with live images (such as ultrasound or fluo-
roscopy). This combination of modalities is displayed with
real-time updates at about 30 frames per second. Recent
systems make use of tight integration with imaging devices
and streaming source data to provide a reliable and highly
connected system that is suitable for interventions (Figure 4).
In addition to EVAR, other clinical and experimental pre-
clinical applications of this approach include guiding
devices for ablation, biopsy, vascular access, bronchoscopy,
prostate biopsy and therapies, laparoscopic ultrasound, 4D
ultrasound, respiratory tracking for radiation therapy,
endoscopy, and surgery. Image-guided interventional sys-
tems are also widely used in cranial surgery, ear, nose, and
throat procedures, and orthopedics.13,14

EM TRACKING NAVIGATION FOR EVAR
Accurate deployment of thoracic aortic stent grafts

requires fluoroscopy and several angiograms. Multi-

modality navigation may facilitate rapid, accurate place-
ment and decrease contrast and radiation dose. Custom
equipment including hydrophilic guidewires, catheters, and
stent graft shafts with integrated EM coil sensors enabled
real-time endovascular tracking with an experimental ver-
sion of a commercially available tracking system (Traxtal
Inc.). Stent graft deployment is feasible in swine using EM
tracking for positioning. For this approach, the target was
selected using a preprocedure CT angiogram of the tho-
racic aorta, and stent grafts were advanced and accurately
deployed without fluoroscopy using real-time EM tracking
as the sole source of guidance (Figure 5).15

Figure 5. Intraoperative 3D volume rendering of EM-tracked

thoracic stent graft after CT angiography. Image generated

intraoperatively with OsiriX imaging software.

Figure 4. Preprocedure EM tracking showing position of guidewire in aorta/branch of the subclavian (A) and postprocedure

image of deployed stent graft positioned at the preoperative target site (B).
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REAL-TIME MRI GUIDANCE FOR EVAR
Endovascular repair of aortic aneurysms using MRI

guidance has proven feasible as well. Custom stent grafts
with integrated MRI receiver coils (antennae) facilitate
deployment of the grafts. Imaging with 1.5-T MRI pro-
vides detailed anatomy that may translate into improved
accuracy of positioning and deployment while eliminat-
ing the radiation associated with the procedure as cur-
rently performed under fluoroscopy. 

ROBOTICS FOR EVAR
The first recorded clinical application of medical robotics

was for the positioning of a needle for a brain biopsy in
1985.16 During the 20 years since then, robotics have been
applied to many medical specialty fields including urology,
orthopedics, radiosurgery, and cardiac surgery. The concept
of a vascular interventional robot (including applications in
cardiac surgery) was described in a recent overview arti-
cle.17 In cardiac surgery, the da Vinci robot (Intuitive
Surgical, Inc., Sunnyvale, CA) was initially used for mitral
valve repair, but other cardiac applications include resyn-
chronization, revascularization, and tissue ablation.18 The
da Vinci master/slave system provides motion scaling, as
well as an ergonomic workstation the clinician can use to
control two laparoscopic, robotic arms.19 The da Vinci sys-
tem consists of a surgeon’s console, a patient side cart with
three or four robotic arms, and specialized instruments
that can be inserted through 1- to 2-cm operating ports.
Early experience with the da Vinci system for laparoscopic
aortoilliac procedures was presented in 2008.20 The investi-
gators successfully completed procedures (mostly for arteri-
al occlusive disease) in 97 of 100 consecutive patients using
the robotic systems. Investigators concluded that robotic
aortoilliac surgery had a high technical success rate and
appeared to be safe. Another robotic system that has

recently been applied to cardiovascular procedures pro-
vides joystick control of a precision mechanical device to
position vascular instruments such as guidewires or
catheters (Figure 6) (Hansen Medical). In 2008, Hansen
Medical announced the system was used to aid deploy-
ment of stent grafts for treatment of an abdominal aortic
aneurysm in a 78-year-old patient.21

CONCLUSION
The development and optimization of EVAR tech-

niques and technology may lead to improved safety and
clinical outcomes particularly with continued improve-
ment in diagnosis, visualization, and placement accuracy
combined with decreased contrast requirements and pro-
cedural times. The emergence of new minimally invasive
techniques and applications requires rigorous premarket
translational study (preclinical and clinical) with consider-
ation of special training requirements and cost. ■
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T
he advent of endovascular therapy has revolu-
tionized the treatment of aortic disease by
decreasing the mortality and morbidity of tradi-
tional operative approaches and treating

patients unable to withstand traditional surgery because
of age, health, or likelihood of cardiac or pulmonary
complications.1,2 The number of minimally invasive
endovascular procedures has steadily risen as a result of
increased operator experience, the availability of more
sophisticated and versatile endovascular tools, and
advances in imaging modalities.

Endovascular intervention,
however, is not applicable to all.
Anatomical factors such as short
landing zones, arch and visceral
vessel involvement, tortuosity,
and angulation, as well as poor
visualization of key aortic regions,
limit its uptake. New-generation
and custom-made fenestrated
devices have allowed the treat-
ment of more complex aortic
pathology, but the procedure can
still be technically challenging and
time consuming, as long fluoro-
scopic times often occur. Even
with these devices, anatomical
factors still present many chal-
lenges.

Our studies at Imperial College
have focused on the integration
of new technology to enhance
aortic and aortic branch endovas-

cular procedures. Our long-term goals are to develop reli-
able methods for three-dimensional (3D) navigation in
the vascular tree, which may be used in conjunction with
robotic steerable catheter systems. Integration of these
technologies with novel stent graft designs will increase
the number of patients who can undergo a total
endovascular method of treatment with improved over-
all clinical outcomes and a high degree of staff and
patient safety.

ROBOTIC CATHETERIZATION
Conventional endovascular

catheters have limited shape
range and flexibility, take time to
change over, and rely on operator
skill to maneuver the catheter tip
and maintain stability at target
sites. Therefore, guidewire posi-
tioning and passage of stents
through an unstable guiding
catheter can be technically
demanding in the presence of
complex anatomy. Difficult can-
nulation may also lead to trau-
matic injury to vessels. Instru-
mentation within the aorta and
especially around the aortic arch
carries a significant risk of
embolization. 

Stroke has been reported as a
complication of thoracic stenting
in up to 9% of cases.3-5 A variety
of manually shapeable and steer-

Navigation and Robotics
for Endovascular Treatment
of Aortic Disease
Early experience with robotic and navigational technology
for applications in endovascular therapy. 

BY CELIA V. RIGA, BSC, MRCS; COLIN D. BICKNELL, MD, FRCS;

MOHAMAD HAMADY, FRCR; AND NICHOLAS J. W. CHESHIRE, MD, FRCS

Figure 1. The Sensei robotic system (Hansen

Medical, Mountain View, CA) workstation is

shown outside the angiography suite during

cannulation of the short contralateral limb of

an infrarenal Endurant stent graft (Medtronic,

Inc., Minneapolis, MN).
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able sheaths and guide
catheters have been devel-
oped to overcome some of
the difficulties of standard
catheter technology. These
manually controlled
catheters traditionally rely on
an experienced physician’s
ability to either manually
shape the distal catheter tip
prior to introduction or, in
the case of steerable
catheters, to apply varying
amounts of curvature via a
steerable catheter’s handle
(via pull wires). The tip cur-
vature is then used in combi-
nation with insertion and
torque to manipulate the dis-
tal tip of the catheter in the
desired fashion. This manual
control has limitations, and
the amount of fine maneu-
verability and stability over the distal tip is often insuffi-
cient for performing complex vessel cannulation and
other therapeutic procedures. It is hoped that a robotic,
steerable catheter system may overcome some of the dif-
ficulties of precise cannulation, catheter stability, and
trauma to vessels.

At present, fenestrated stent graft technology has
shown encouraging short- and midterm results in select-
ed patients.6-8 However, despite a custom-made device
design, the implantation procedure can be challenging.
These devices mandate precise alignment of the bespoke
windows with the branch vessel ostia and subsequent
cannulation of the target vessels. Complicating factors in
fenestrated stent grafting include tortuous iliac vessels,
which cause significant problems with catheter control
and manipulation; the presence of thrombus and calcifi-
cation, which may lead to embolization with prolonged
attempts at cannulating branch vessels; aberrant renal
vessels and tortuosity; and angulation of the aorta above
or at the level of the fenestrated segment, which can lead
to graft rotation and significant misalignment of fenes-
trations with vessel ostia, preventing easy and safe target
vessel cannulation. 

Robotic systems have already been used in a variety of
surgical procedures, demonstrating improved precision,
stability, and dexterity while operating. An endovascular
robotic system has advantages over conventional
catheterization because it allows accurate cannulation of
vessels and stable positioning of the catheter for the

introduction of diagnostic and therapeutic endovascular
tools. It has been used successfully for cardiac mapping
and ablation procedures.9

The Hansen Sensei robotic system (Figure 1) is one
steerable robotic system designed to facilitate the physi-
cian’s ability to control and precisely position and manip-
ulate catheters within the vascular system. This control is
provided via a master-slave electromechanical system
that controls a guide catheter and sheath (Artisan
catheter, Hansen Medical) from a remote workstation.
This robotic system allows and visualizes precise position-
ing of the steerable catheter tip at a desired point while
enabling the physician to remain seated away from the x-
ray radiation source. The Artisan catheter is composed of
a flexible inner guide (11-F outer diameter, 8.5-F inner
diameter) within a steerable but stable outer guide (14-F
outer diameter, 11-F inner diameter). This intuitive
catheter system replicates the hand movement of the
motion controller delivering control in three dimensions
and with seven degrees of freedom via a 3D hand-operat-
ed joystick at the workstation.

A limitation of remote catheter control systems is the lack
of mechanical feedback the operator receives from manual
catheter manipulation and hence the inability to assess the
amount of force that is being applied to the target tissues.
However, visual feedback of force applied to the catheter tip
can be obtained (eg, Intellisense Fine Force Technology,
Hansen Medical). Damage or perforation of the vessel wall
can be avoided, thereby improving the safety of the device.

Figure 2. A pulsatile silicon arch model representing an angulated type III aortic arch (A).

The Stealth electromagnetic navigation system (Medtronic, Inc.) combines cross-sectional

imaging with electromagnetic tracking of microposition sensors located at the tip of an

endovascular wire (B).The operator can use the cross-sectional images to navigate through

the aorta and the arch in this pulsatile silicon model successfully and accurately with mini-

mal contact with the vessel wall and without fluoroscopic guidance.

A B
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Imperial College Healthcare NHS Trust has installed the
first robotic system in the UK specifically for clinical use
in the vascular tree. Early experimental studies have
investigated the use of this system, documenting where
the system may be advantageous. Our in vitro experi-
mental work using silicon phantom pulsatile flow models
has shown that through precise manipulation and stable
positioning in complex anatomical configurations, use of
the robotic system results in faster vessel cannulation
times and a decrease in the number of movements
required for each task.10,11 There does not seem to be an
advantage to robotic cannulation over and above con-
ventional methods when performing simple tasks. 

Following standardized training with this robotic sys-
tem and after rehearsing the procedure in a laboratory
environment in August 2008, we were able to undertake
the first human case of robotically assisted endovascular
aneurysm repair to assess the feasibility of using this
novel and innovative approach in a clinical setting.12 The
robotic catheter easily cannulates the contralateral limb
of an infrarenal stent graft (Endurant) (Figure 1) and nav-
igates through the aorta to allow passage of a stiff wire
without the need for conventional catheter and wire
manipulation. This first-in-the-world use of a robotic
endovascular system for vascular intervention is a break-
through, but clearly its role lies in more complex proce-
dures. This system has the potential to simplify more

complex procedures and increase safety, thus decreasing
procedure times, radiation exposure, and possibly maxi-
mizing the number of patients that are able to undergo a
totally endovascular aneurysm exclusion. We are extend-
ing its use to more complex fenestrated stent graft pro-
cedures and are using the system to provide a platform
of stability for in situ fenestrated stent placement.

3D NAVIGATION TECHNIQUES
A crucial development to extend the range of minimal-

ly invasive, image-guided endovascular work will be the
ability to navigate through the vascular tree using real-
time 3D imaging techniques. Although a number of navi-
gational devices have been developed and used success-
fully by several other surgical disciplines, such as cranial,
orthopedic, and ear, nose, and throat surgery, as well as
electrophysiology procedures, they have not yet been
applied in endovascular therapy.

Techniques to visualize in three dimensions and navi-
gate through the vascular tree may be through continu-
ously acquiring 3D imaging during the procedure; for
example, with magnetic resonance imaging, by integrat-
ing multiplanar 3D reconstructions of the vascular anato-
my with real-time intraoperative imaging, or by navigat-
ing via 3D preoperative image reconstructions with the
tip of the catheter identified via an electromagnetic sen-
sor. These last two image-guided navigation systems visu-
alize the internal anatomy in real time without the need
for continuous image acquisition. The Stealth Station
(Medtronic, Inc.) combines cross-sectional imaging with
electromagnetic tracking of microposition sensors locat-
ed at the tip of various stylets. Preprocedural MR or CT
images are fused with on-table angiographic images and
then loaded onto custom-developed tracking, registra-
tion, navigation, and rendering software. Wires, catheters,
and stent graft devices can therefore be manipulated
with guidance from the previously acquired CT scan and
simultaneous real-time angiography. The application of
multimodality, image-fusion techniques allows one to
integrate information of different image datasets into the
actual interventional procedure. Electromagnetic systems
that allow tracking of the tip of a device via small detec-
tor coils show a trajectory path view in real-time motion. 

Three-dimensional navigation systems used in con-
junction with a steerable robotic catheter system may
allow safe and accurate positioning of endovascular tools
within the aorta and its branches. Utilization of these
technologies may potentially improve patient safety
when complex anatomical configurations are tackled,
such as the carotid origin, where instrumentation using
conventional techniques carries a significant risk of
embolization. This technology will also potentially allow

Figure 3. Successful antegrade in situ fenestration of an aor-

tic stent graft (16-mm iliac extension covered stent; Endurant,

Medtronic, Inc.) with subsequent stenting of the left renal

artery in a porcine model.The robotic catheter can be seen in

position, adjacent to the orifice of the left renal artery.
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accurate positioning of catheters during fenestrated or
branched stenting, as well as in situ fenestrated stent
grafting, which may potentially increase the applicability
of endovascular therapy to a greater patient population.
Although 3D navigation systems coupled to steerable
catheter systems is an attractive proposition, this tech-
nology must be optimized for use in the vascular tree
before any clinical applications. Current 3D navigation
systems that co-register with preoperative imaging do
not compensate for elastic organ or tissue deformations,
assuming that anatomic structures and instruments are
rigid bodies. In endovascular procedures in particular,
possible sources of inaccurate navigation are the arterial
contractility and the respiration-dependent movements
of the arteries themselves. 

We have installed an electromagnetic Stealth Station in
our institution, specifically for the development of these
advanced applications, in association with Medtronic,
Inc. Our early studies have focused on the applicability of
this system in the arterial tree using pulsatile flow models
(Figure 2). We envisage that further refinement of this
system will soon allow in vivo work.

Advances in image-guided and minimally invasive pro-
cedures have led to an increasing use of imaging data for
diagnostic and therapeutic interventions, as well as plan-
ning, simulation, procedure rehearsal, and training. In
endovascular therapy, current fluoroscopic methods lead
to loss of 3D information, which can result in difficulties
in positioning of guidewires and stents. Long fluoroscop-
ic exposure times may also be hazardous for both the
patient and medical personnel involved in the procedure.
Navigation technology has been used successfully in elec-
trophysiology, resulting in significant reductions in fluo-
roscopic times without compromising efficacy or safety.
In addition, although experience with this system is limit-
ed, a number of studies have shown a reduction in over-
all procedure times.13,14 Integration of robotic and navi-
gational strategies may allow complex endovascular pro-
cedures to be refined and gain wider acceptance for the
treatment of vascular disease.

POTENTIAL APPLICATIONS OF ROBOTIC 
AND NAVIGATIONAL TECHNOLOGY:
IN SITU FENESTRATED STENT GRAFTING

Endovascular aneurysm repair has clear benefits with
regard to mortality (a reduction of two-thirds in the
EVAR Trial 1) and immediate postoperative complica-
tions, making it a viable option for people who are at
increased risk from traditional surgery. However, the
anatomy of the aneurysm neck excludes many from this
approach. Fenestrated custom-made stents produced
from CT data have allowed the endovascular treatment

of more complex aneurysm configurations in the abdom-
inal aorta, such as short-necked infrarenal and thora-
coabdominal aneurysms. This method of a totally
endovascular approach to complex abdominal and tho-
racoabdominal aneurysms is limited by the inherent
delay involved in bespoke manufacturing of the fenes-
trated devices. The development of a system to allow in
situ fenestration15,16 (on-table localization of vessels,
puncture of a standard graft, and vessel cannulation and
stenting through the graft in an antegrade fashion) will
overcome the difficulties seen with manufactured fenes-
trated stents and allow this technology to be applicable
to a wider range of patients, including those who require
urgent treatment. 

Our early in vivo work has shown that the use of these
technologies is feasible in a large porcine model and that
antegrade in situ fenestration is possible using a robotic
steerable catheter and 3D rotational angiography (Figure 3).17

The stable, precise localization of the tip of the robotic
steerable catheter allows easy passage of a customized
needle through graft material with confirmation of posi-
tion in the renal vessel before dilation and stenting. This
technique needs accurate 3D imaging to be certain of the
needle position in relation to the ostia of the renal vessel.
A technique to accurately locate catheters in relation to
the target vessel origin is essential before this technique
can progress. We hope that further refinement of this
technique using 3D navigational technology, as well as
developments in stent graft design, will allow in situ fenes-
tration to progress and become a viable alternative to
manufactured fenestrated stent grafting. 

CONCLUSIONS
Integration of robotic and navigational techniques into

clinical practice may lead to improved catheter accuracy,
stability, and safety in comparison with conventional
techniques, while minimizing radiation exposure. By
maximizing the use of existing technologies while devel-
oping new approaches to treating these challenging
cases, we are hoping to improve overall clinical outcomes
and reduce the high mortality and morbidity rates asso-
ciated with aortic disease. It is clear from initial trials we
have performed in vitro and in vivo that there may well
be an extended role for this system elsewhere in the vas-
cular tree. With increasing experience with these meth-
ods, we may well be able to maximize the applicability of
minimally invasive endovascular technology to treat a
larger cohort of patients with vascular disease. ■

Celia V. Riga, BSc, MRCS, is from the Regional Vascular
Unit, St. Mary’s Hospital & Department of Biosurgery &

(Continued on page 31)
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T
he focus of this article is to describe biologic
considerations for treating abdominal aortic
aneurysms (AAAs). Opportunities for biologic
manipulation to improve endovascular

aneurysm repair (EVAR) will be delineated by anatomic
locale. Sites for biologic therapy will include endograft
landing zones, aneurysm sac, and aortic wall.

The treatment of AAAs has a history of continual evolu-
tion and has undergone a particularly dramatic change in
recent years. The writings of Galen from the second centu-
ry give perhaps the first description of an AAA, “When the
arteries are enlarged, the disease is called an aneurysm . . . If
the aneurysm is injured, the blood gushes forth, and it is
difficult to staunch it.”1 For many centuries, recognition of
aneurysmal disease was hampered by social taboo that
prohibited violation of the body’s interior. Historically, most
aneurysms were attributed to syphilitic disease. 

In 1825, Home attempted treatment of a peripheral
aneurysm with acupuncture in an effort to induce throm-
bosis.2 Most treatment efforts thereafter were directed at
inducing thrombosis of the aneurysm sac. A variety of
means were used including acupuncture, electrical current
through indwelling pins or wiring placed in the vicinity,
injection of vinegar or iron solution, or even packing of the
aneurysm sac with copper, silver, or iron wiring.2,3 The con-
sensus for the future of aneurysm treatment was quite pes-
simistic as evidenced by Osler’s statement that, “There is no
disease more conducive to clinical humility than aneurysms
of the aorta.”1 The 1950s ushered in the modern era of
aneurysm treatment with advancements by Oschner,
Dubost, Cooley, and Debakey. Initial efforts focused on
human aortic allografts, but these quickly proved unsuit-
able. A viable synthetic graft was then sought, and the pop-
ular choice became Dacron, which can be impregnated
with materials such as collagen to decrease porosity.1

In 1991, Parodi reported on the feasibility of intralumi-

nal exclusion of an AAA.4 The goal was isolation of the
aneurysm sac from systemic pressure thus alleviating the
forces causing expansion and rupture. Since that time,
enthusiasm and use of endovascular therapy for aneurysm
treatment has grown briskly. Early use of the endovascular
approach was limited to hybrid devices custom made by
physicians using graft material sutured to available stents.
In the interim 18 years, numerous manufactured devices
have been in use and in various phases of product testing.
These devices have undergone continuous modifications
as new needs are identified based on growing clinical
experience and lessons learned from previous models. 

Although it is clear that endovascular technology and
outcomes have improved over time, ways to improve
durability are less clear. EVAR offers great benefits in the
perioperative and early postoperative phase in terms of
morbidity and mortality, but the tradeoff comes in dealing
with long-term aneurysm problems as well as the need for

Biologic Considerations
in the Treatment of
Abdominal Aortic Aneurysms
Where do we go from here?

BY DANIEL M. ALTERMAN, MD, AND SCOTT L. STEVENS, MD

Figure 1. Specimens from our research lab demonstrating

the hospitable nature of a healthy artery for endovascular

grafts.
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commitment to ongoing follow-up device imaging. The
enthusiasm for EVAR has also been tempered with the
knowledge of its high cost and need for reintervention.5,6

Early generations of aortic endografts suffered techni-
cal setbacks with problems such as fabric erosion, incom-
plete fixation, graft migration, and transgraft porosity
issues leading to collection of ultrafiltrate in the
aneurysm sac.7-9 Modifications have solved some of these
issues, and the newer-generation stent grafts have shown
improved durability and outcomes.10 Given these chal-
lenges, it is clear that there is still considerable room for
improvement and new directions. Current aortic endo-
graft technology relies almost exclusively on mechanical
interaction between the device and the native vessels to
afford graft stability and ultimately incorporation. Grafts
have been sequentially modified with better fixation
mechanisms and improved coating of the surface to min-
imize graft porosity. However, these inherent limitations
manifest over time with the eventual need for reinterven-
tion, revision, or explantation. What then is the next
direction for improving on an optimized structural sys-
tem? We believe that therapies customized for both indi-
vidual vascular wall biology and the systemic response of
vascular disease should serve this goal.

VESSEL WALL BIOLOGY AND EVAR
Work from our vascular research lab at the University of

Tennessee has focused on the relationship of vessel wall
biology and healing of intraluminal grafts. In experimental
models, intraluminal placement of a polytetrafluoroethyl-
ene (PTFE) aortic graft when compared with a PTFE inter-
position graft was associated with earlier endothelization
and earlier organization of a basement membrane (Figure 1).
Also noted was complete coverage of endothelium in the
intraluminal graft compared with only partial coverage in
the interposition graft with the remainder being lined with
red blood cells, fibrin, and debris.11,12 A similar animal
model compared PTFE interposition graft with intraluminal
graft on a balloon or self-expanding stent. This also demon-
strated that the intraluminal grafts had superior endotheli-
um ingrowth and less intimal hyperplasia. These interposi-
tion grafts had greater cell proliferation activity and higher
cell content of platelet-derived growth factor.13 Similar find-
ings were noted even after experimental injury with an aor-
tic balloon.14 The key is that local production of platelet-
derived growth factor was associated with the degree of
intimal hyperplasia.15 These animal models confirm that a
healthy arterial tissue bed is associated with graft incorpo-
ration and healing. Graft healing is influenced by the envi-
ronment, and a healthy vessel is a hospitable locale.
Selection of hospitable landing zones for an endovascular
graft is thus critical. The clinical application of this concept

becomes difficult when healthy landing zones share “high-
rent real estate” with critical branch vessels.

THERAPEUTIC APPLICATIONS
Targeted therapy to influence graft healing and incorpo-

ration may focus on the local hormonal and cytokine
milieu. In cell culture, endothelial cells of the human aorta
can be stimulated by vascular endothelial growth factor
and heparin while minimizing smooth muscle cell prolifer-
ation. Heparin has also been identified as an inhibitor of
smooth muscle cell proliferation but has less effect when
the cells are actively dividing.16 Vascular endothelial growth
factor (previously identified as vascular permeability fac-
tor) has been shown to play a prominent role in intimal
hyperplasia following experimental injury.17 In human and
porcine aorta cell culture, basic fibroblast growth factor is
capable of inducing graft healing as evidenced by a dose-
dependent neointimal formation.18 Placing growth factors
on the graft could improve EVAR success and durability by
providing biofixation and seal (Figure 2).

The hormonal milieu has profound effects on vascular
biology. Previously, gender differences in cardiac and vas-
cular disease were attributed to a protective effect of
estrogen and were thought to be a rationale basis in sup-
port of hormone replacement therapy (HRT). This dogma
has been challenged by findings of increased association
with coronary and thromboembolic events.19,20 Previous
reports from our research lab have found an association
with HRT and a decreased primary patency for iliac angio-
plasty and stent placement compared with women who
were not taking HRT.21 This was true with estrogen alone
and estrogen plus progestin therapy. Estrogen and prog-
estins have an impact on vascular tissue remodeling;
matrix metalloproteinases (MMP) are inducible and have

Figure 2. Biofixation analogy of an oak tree growing into a

fence.
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isoform modification in response to estrogen and prog-
estin. These enzymes are capable of degrading elastic
fibers such as interstitial collagens and have been impli-
cated in the pathogenesis of aneurysm formation.22 These
responses include increased levels of membrane type 1
MMP and MMP-2. In the presence of interleukin-1‚ estro-
gen upregulates the activity of MMP-3. Tissue inhibitor of
MMP does not appear to be induced by estrogen leaving
unbalanced gene activation in favor of type IV collagen
degradation with subsequent remodeling.23,24 

The net effect of the changes in collagenase activity
may lead to improved vascular smooth muscle motility
with easier migration through a collagen type IV lattice.
The lack of inhibitory enzyme induction may promote
intimal hyperplasia and is a potential explanation for the
poorer outcomes noted previously with peripheral artery
intervention in women taking HRT. This imbalance
between MMPs and their inhibitors may impede healing
of an endograft and may also promote aneurysmal
degeneration. Changes in MMP gene expression that
occur in the setting of inflammatory cytokines also sug-
gest a therapeutic target, because manipulation of the
gene expression appears to alter the healing pathway. 

Enzymatic degradation of key structural elements of the
aortic wall has been implicated in playing a key role in
aneurysm formation. The previously mentioned membrane
type 1 MMP and MMP-2, as well as MMP-7, MMP-9, and
MMP-12 have also been evaluated for this potential role.
There appears to be a correlation between aortic wall
expression of MMP-9 messenger RNA and aneurysm size. It
has also been noted that patients with an AAA have
increased plasma levels of MMP-9.25,26 Experimentally
induced aortic aneurysm in mice via elastase infusion can be
attenuated by inhibition of MMP-9 with doxycycline treat-

ment.27 A similar experiment in a rat demonstrated that
periaortic infusion reduced the need for elevated systemic
doxycycline levels in order to produce the same inhibition.28

This study points to the endograft as a potential delivery
vehicle for targeted doxycycline therapy of the vessel wall.

Systemic therapy to manipulate MMP expression has
been encouraging. In vitro studies have demonstrated
decreased expression of MMP-2 and MMP-9 when human
vascular cells are treated with doxycycline.29 These findings
prompted an evaluation of the short-term effects of doxy-
cycline therapy before aneurysm repair. After only 1 week of
therapy, MMP-2 and MMP-9 were significantly suppressed
in the aneurysmal aortic wall compared with untreated con-
trols.29 Similar findings were demonstrated with reduction
in MMP-9 mRNA and suppression of posttranslation activa-
tion of MMP-2.30 Several other compounds are known to
inhibit MMPs in both broad and focused spectrums (HMG-
CoA reductase, statins, marimastat, and others). An unan-
swered question is whether long-term therapeutic or even
prophylactic administration of these or related compounds
would tip the scales toward stability of the aortic wall and if
these compounds could affect long-term success of EVAR.
Preliminary work in this field is intriguing. A cohort of
patients undergoing EVAR was randomized to doxycycline
or placebo for 6 months after EVAR. Decreased plasma lev-
els of MMP-9 were found in the treatment group as well as
reduced aortic neck dilatation. However, there was no
reduction in aneurysm sac size.31 These findings urge contin-
ued evaluation of inhibitors such as doxycycline to better
define their potential role as primary, secondary, or local
therapy for arterial aneurysm treatment. A better under-
standing of these interactions may improve graft-vessel
interaction as well as serve as a foundation for systemic
therapy to both prevent and treat aortic aneurysm disease.  

ENDOTENSION MANAGEMENT
Management of endotension (defined as pressurization

of the aneurysm sac without a demonstrable leak) and
optimization of aneurysm sac pressure is evolving. A gener-
al goal of EVAR is to exclude the aneurysm sac from sys-
temic pressure. Discontinuity of proximal graft attachment
(type I endoleak), backbleeding from branch vessels (type II
endoleak), failure of a modular component (type III
endoleak), or graft porosity (type IV endoleak) have all been
evaluated to play a role in exclusion failure and potential
aneurysm rupture. Even with aneurysm sac exclusion, work
from our research lab suggests that systemic pressure may
affect sac pressure indicating the importance of systemic
treatment of the aneurysm sac.32 Surveillance for these com-
plications, particularly with respect to endotension, can
prove difficult. Issues facing the patient are repeated expo-
sure to radiation from serial computed tomography scans,

Figure 3. Aneurysm model from our research lab demon-

strating the relationship of wall stress to sac contents, dis-

tance, and systemic blood pressure.
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repeated loads of potentially nephrotoxic dye, and cost.
Pressure within the aneurysm sac depends on systemic arte-
rial pressure, the contents of the sac, and the distance from
the leak as measured (Figure 3).33 It is possible to draw con-
clusions on sac pressure from computed tomography find-
ings.34 An implantable microchip has been evaluated to
measure aneurysm sac pressures by external communica-
tion with the chip. It has no battery and is powered by
external radiofrequency. This device has a reported sensitivi-
ty of 0.94 and a specificity of 0.80 for detection of type I or
type III endoleaks.35 It may suffer limitations due to poten-
tial sac pressure heterogeneity. On the horizon are fillable
sac anchoring aortic endografts that use injectable agents to
stabilize the aneurysm.

ROLE REVERSAL
Coronary stents serve as a dramatic example of biolog-

ics having an impact on vascular therapy. Restricted by
seemingly irreducible restenosis rates from tissue
ingrowth, bare-metal coronary stents were eclipsed by
stents coated with biologics that reduce tissue ingrowth.
It is paradoxical that biologics to increase tissue ingrowth
might be used to knock down barriers in EVAR.36,37

CONCLUSION
General principles adopted by vascular surgeons for suc-

cessful open aneurysm repair with prosthetic grafts include
placement to a healthy tissue bed with an adequate supply
of fibroblasts, smooth muscle cells, and elements to pro-
mote ingrowth, sealing of proximal and distal ends, and a
laminar coating with neointima. These same fundamental
tenets apply to durable endovascular therapy. All successful
aneurysm repairs must effectively address vessel wall biolo-
gy. Historically, advances in aneurysm therapy have fol-
lowed a staccato pattern in which progress is based on
insights into disease mechanisms. As aortic aneurysm ther-
apy evolves by engaging biologics, count on more elegant,
less morbid, and more durable outcomes. ■
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S
tatistics recently released by the American Heart
Association show that cardiovascular disease is
responsible for one in every 2.8 deaths in the US
alone, and the estimated US health care cost of

cardiovascular disease as of 2009 is $475 billion.1 In addi-
tion, atherothrombosis is increasing across the globe, and
it is estimated that atherothrombotic diseases will be the
leading cause of death worldwide by 2020. As engineers,
we are motivated by these statistics, and by harnessing
nanoscale fabrication, we have numerous opportunities
to improve endovascular medicine.

THE “NANO” IN NANOMEDICINE
All biological materials contain nanoscale structures,

and we generally use the term nano to describe man-
made structures with at least one critical feature <1
micron in size.2 Fundamentally, natural structures are
composed of nanoscale features assembled “bottom-up”
from biochemical reactions into micro- and macrostruc-
tures; thus, molecules from chemistry are the original
“nano.” Biomimetic, man-made nanostructures can be
engineered from “top-down” hierarchical manufacturing
techniques that add and remove material through a vari-
ety of techniques. We cannot describe these techniques
with sufficient detail here, but the interested reader is
referred to comprehensive sources on micro- and
nanofabrication.3-6 One feature of successful nanotech-
nologies, whether natural or synthetic, is a functional
interface with larger micron-scale and macro-scale com-
ponents.

Nanoscale features can directly interact with the func-
tional units of vascular biology (Table 1).7 By working on
the scale of our cells and their constituents, tissue engi-
neers may soon be able to construct biologically accurate
engineered tissues that function because their structure
mimics nature more accurately than ever before. 

In the coming decades, we can expect to see stent
designs that integrate seamlessly with the body and avoid

provoking an immune response.8,9 Hybrid stents or grafts
using man-made materials as well as living materials may
enable enhanced structural and biological function in
patients with diseased cardiovascular tissues and even
allow doctors to wirelessly monitor the health and mate-
rial properties of high-risk vessels in vivo. With advances
in pluripotent cell manipulation, patient-specific vessels
may be produced using a patient’s own cells or DNA to
eliminate immune response concerns. Smaller tools
enabled by micro- and nanotechnology will lead to ever-
smaller stents and grafts and more effective remote
microsurgical techniques and tools.10

We predict advances in three major categories: (1) man-
made tissues assembled with precision from the nanoscale
up, (2) synthetic-biological hybrid technologies that
improve the viability of currently existing synthetic grafts,
and (3) a new cadre of nanoimaging and nanofabricated
surgical tools (Figure 1).

NANOFABRICATION FOR BIOLOGICALLY ACCU-
RATE CULTURE ENVIRONMENTS

The engineering of replacement vessels using nan-
otechnology holds exciting potential for tissue engineers.
Early successes in engineered vessels were constructed

Nano and the Future of
Endovascular Medicine
A look at the medical advances we expect in the coming decades.

BY REBECCA TAYLOR, MS; JAMES J. NORMAN, PHD; CHELSEY SIMMONS, BS;

OSCAR ABILEZ, MD; CHRISTOPHER K. ZARINS, MD; AND BETH L. PRUITT, PHD

Red blood cells (width) 8 µm

Collagen fiber diameter 0.5–3 µm
Collagen fibril diameter 10–300 nm

Microfibrils of elastin fiber diameter 10 nm

Smooth muscle cell (width) 15–20 µm

Dimensions range from microns at the cellular level to
nanometers at the subcellular level.7

TABLE 1.  COMMON DIMENSIONS
IN VASCULAR TISSUE
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from layers of various cell types and then rolled together
to form vessel-like structures.11 The function of vascular
tissue strongly follows its structural form. The basic unit
of vascular tissue is the medial lamellar unit (MLU)
shown in Figure 2.12 Fabricating structures with repeating
MLUs having equivalent mechanical and biological func-
tion will be essential. Structurally accurate MLUs using
nanostructured matrices will need to provide the same
biochemical cues and mechanical integrity as the elastin,
collagen, and matrix of native tissue to provide the
strength, elasticity, adhesion, and permeability required
for proper vascular cell function. Techniques such as pro-
tein patterning and electrospinning have the potential to
generate sheets of organized elastin underneath regions
of properly off-axis aligned smooth muscle cells between
collagenous nests (Figure 3).13,14 Current micro- and
nanofabrication techniques lend themselves to the fabri-
cation of repeating unit systems, so sheets of hundreds of
thousands of MLUs could conceivably be arranged and
then rolled or stacked into functional media layers ready
to take their place inside an engineered vessel.15-17

Polymer stiffness has also been shown to affect cell
adhesion and motility.18 Therefore, polymers with appro-
priate stiffness, structure, and biochemical/protein bind-
ing sites are expected to provide a healthy environment
for cardiovascular cell types to grow and proliferate in a
manner that better mimics cell behavior in vivo. Toward
this goal, researchers are currently working on various
pieces of the vascular tissue engineering puzzle such as
engineering artificial extracellular matrix (ECM) polymers
with custom mechanical and biochemical properties.19,20

The effects of mechanical stimulation, nano- and
micropatterned textures, and specific binding proteins
on the organization, morphology, and function of cells
have also been investigated. Protein patterning can

enhance alignment of endothelial cells, and in addition,
surface texture patterning has been shown to improve
not only cell alignment but also adhesion properties.21-24

For example, Figure 4 shows the patterning of HL1 atrial
myoblasts on microcontact-printed stripes of ECM pro-
teins (gelatin-fibronectin blend) for cardiovascular tissue
graft applications.25 Technologies like dip-pen lithogra-
phy can be used to “write” ECM proteins into specific
shapes using technology similar to those currently used
for rapid prototyping of plastic parts.26 Fundamentally,
these techniques provide nanoscale spatial control of the
cell culture environment and will enable the creation of
structurally equivalent engineered tissues.

NEXT-GENERATION SYNTHETIC NATURAL VESSEL
HYBRIDS AND STENTS

The first implementation of nanotechnology in clinical
procedures may involve the creation of nanostructured
stents to enhance their long-term function (an area of
interest to stent and stent graft manufacturers) and pos-
sibly the development of hybrid grafts that involve cul-
tured tissue within modified endovascular tools. An
example of this augmented/hybrid technology was
recently demonstrated when scientists strengthened
arterial vein grafts using electrospun wraps of polymer
nanofibers.27 Knowing that arteries experience higher
pressures than veins, these researchers used electrospin-
ning nanotechnology to improve the mechanical proper-
ties of a graft. 

Stents can likewise be augmented to contain or even
deliver these nanofabricated vessel units to the damaged
tissue sites. In this way, tissue engineering holds potential
for the creation of stenting technologies that do more
than mechanically brace a vessel. Next-generation stents
may include nanotopography or engineered protein

Figure 1. Technological innovations leveraging nanotechnology are expected in three categories with examples of anticipated

or current technologies in engineered tissues assembling cells and proteins into physiologically correct microstructures (A).

Hybrid stents combining nanotopography or functionalized surfaces to promote integration with native tissues and augment-

ed for improved material properties (B). Medical tools that use nanostructures or devices for improved imaging and ablation of

diseased tissues (C).

A B C
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coatings that enhance healing and the reformation of
endothelial lining in the vessel, or they may incorporate
preformed endothelial layers or MLUs inside the artificial
structures necessary for bracing the weakened vessel.
Nanotechnology certainly holds promise for making
stents antithrombogenic without drug coatings through
the design of the stent surfaces. For example, neural
probes incorporating multiscale ladder features demon-

strated that encapsulation and foreign body response is
markedly reduced in regions of interest (Figure 5). 

Additionally, the integration of micro- and nanosen-
sors could allow hybrid smart stents to both sense the
onset of aneurysm development and communicate infor-
mation about vessel diameter, material properties, or
chemical signaling to vascular surgeons. Stents that dou-
ble as wireless antennae have been developed for com-
municating data from implanted micro- and nanosen-
sors.28 Such devices when coupled with micro- and
nanoforce and displacement sensors could give vascular
surgeons a whole new level of postprocedural vascular
monitoring ability.

TOOLS FOR NANOMEDICINE 
Several imaging and material property measurement

tools have been miniaturized into catheter-delivered
devices. Ultrasound probes have been developed that
can fit inside a standard catheter.29 Cantilever-based stiff-
ness probes have been optimized for use with living tis-
sue and can be deployed in vivo.30 Catheter-based
devices for imaging or tissue property investigation will
lead to improved visualization of the injured vascular tis-
sue, and this spatial information about vessel wall thick-
ness and stiffness will enable better microvascular surgery
planning.

Innovative imaging tools using tagged cell-specific
nanoparticles offer the ability to actively track and ablate
dangerous cells such as cancer cells or diseased endothe-
lial cells.31-33 Cells endocytose the gold particles or sur-
round the particles without injury, but when electromag-
netic fields are introduced, those particles can be made
to vibrate and thus be imaged to show the location of
the targeted cells in the body. Higher levels of energy can
lead to the extreme heating of the particles and localized

Figure 2. A medial lamellar unit consists of smooth muscle

cells (yellow with blue nuclei) surrounded by elastin (brown)

and collagen (red), which strengthen and reinforce the vessel

while providing compliance. Smooth muscle cells are orient-

ed slightly off orthogonal from flow (z-direction). Elastin

takes the form of lamellar sheets, radial struts, and interlamel-

lar fibers. Parallel collagen fibers and fiber bundles are dense-

ly packed around smooth muscle cells. (Reprinted with per-

mission from O’Connell MK, Murthy S, Phan S, et al. Matrix

Biology. 2008;27:177.)

Figure 3. Artificial MLU and microfabrication techniques that make its fabrication possible. Electrospinning thick layers of

elastin on plates generates a strong mesh for simulating each elastin lamella (A). Electrospinning collagen on a rotating drum

creates aligned cords that accurately simulate the collagen strands that surround each smooth muscle cell in the regions

between lamellae (B). Microcontact printing can be used to guide smooth muscle cell attachment in a physiological arrange-

ment (C). By repeating the processes of protein deposition and cell patterning, it would be possible to create sheets of MLUs

that are ready to be rolled into vessels (D). Attention to the alignment of the collagen strands and alignment of the smooth

muscle cells will lead to artificial vessels that accurately replicate natural vessel structure.

A B C D
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destruction of dangerous cells. These techniques could
be refined to deliver particles selectively to plaques or
scar tissue, to locate diseased vessel surfaces, and ulti-
mately to ablate necrotic plaques or tissues. 

CONCLUSION
Nanotechnology holds promise in enabling surgical

tools and procedures coupled with delivery of nanoengi-
neered MLUs, stents, or whole tissue grafts to provide
powerful treatment options. These new stents and bio-
logically engineered vessels that mimic native tissues hold
the potential to further reduce invasiveness of current

techniques, minimize damage to nondiseased tissue, and
improve physiological function by potentially growing
and responding to normal neuronal, hormonal, and bio-
chemical cues. As medical research on the nanometer
scale advances, we can expect exciting transformations in
the field of endovascular medicine. ■
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Figure 5. Scanning electron microscope of a neural probe tip

with open ladder-like architecture.The electrodes are located

on subcellular scale support arms, which evoke a less signifi-

cant encapsulation response. By altering feature scale,

immune response was diminished, and this approach will

prove useful for future vascular surgery devices. (Reprinted

with permission from Seymour J, Kipke D. Materials Research

Society Symposium Proceedings. 2006.)

Figure 4. A bright field image (A) and a fluorescent image (B) stained for nuclei and cytoplasmic actin show that HL1 atrial

myoblasts patterned on ECM proteins (gelatin-fibronectin blend) mimic the alignment of cardiomyocytes found in vivo.
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