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Introduction

Emerging endovascular devices

Endovascular therapy of both the thoracic and abdominal aorta emerged from

infancy less than two decades ago to become a primary treatment modality for

properly selected patients1]. Well controlled trials comparing endovascular aneu-

rysm repair (EVAR) with traditional open surgery have demonstrated comparable

outcomes between the two groups2-4. Properly selected patients treated with

EVAR can anticipate the immediate benefits of improved outcome, shorter hospi-

tal stay, less surgical morbidity, and a quicker return to normal activities3-5. Cur-

rently the EVAR frontier involves the thoracic and para-renal aorta, anatomic loca-

tions that have presented considerable difficulty for simple and reliable

endovascular repair.

Thoracic aortic aneurysms (TAA) are serious conditions that have historically

been managed non-operatively or with open surgery, often with poor outcomes6.

Thoracic endovascular aneurysm repair (TEVAR) has demonstrated excellent

short and medium term results for degenerative aneurysms7-9. Although not prin-

cipally designed for traumatic ruptures, some surgeons are using these thoracic

endovascular devices ‘off-label’ to treat seriously injured poly-trauma patients10-

12. Traumatic patients represent a different disease process than aneurysm pa-

tients with dissimilar anatomy, treatment considerations, and complications12, 13.

Medical device engineers and endovascular clinicians have been continuously

expanding the aortic endovascular frontier in an effort to increase the percentage

of patients suitable for EVAR. In 1999, customized, fenestrated and branched

stent-grafts emerged as a potential solution to many of the problems limiting infra-

renal EVAR in anatomically unfavorable patients14. Since that initial report, fenes-

trated EVAR devices are now commercially available15. These devices have ob-

tained the CE mark in Europe and are currently undergoing clinical trials in the

United States16, 17.

Dynamic imaging

Endovascular aortic therapy is necessarily dependent on imaging. Historically this

imaging has been static, not reflecting the true dynamic nature of the body. New,

dynamic imaging tools are emerging to assess pre-operative and post-operative

aortic dynamics18, 19. With these tools, the effects of placing endografts of varying

columnar strength into a relatively mobile, pulsatile aortic environment can be

evaluated in an effort to improve stent-graft durability and results20, 21. As endo-

vascular devices are becoming more complex and applied to treat an ever expan-

ding array of diseases, complications resulting from this dynamic interface bet-

ween stent-grafts and living tissue are becoming apparent. These complications
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include graft migration, stent fracture, intermittent endoleaks, endograft collapse,

side branch occlusion, and poor patient outcomes17. The advent of high spatial

and temporal resolution imaging modalities has allowed us to visualize and pre-

dict complications secondary to endovascular dynamics. With this insight, we

sought answers to the following questions:

Questions

1. What are the clinical results of emerging aortic endovascular therapies (fenes-

trated, branched, off-label thoracic)?

2. What comprises the normal aortic environment into which these endografts are

placed, and does endovascular repair alter this environment?

3. Is alteration of the aortic dynamic environment dependent on the design charac-

teristics of the stent-grafts?

Objectives and outline of this thesis

The main objective of this thesis is to critically evaluate the clinical results of emer-

ging aortic endovascular therapies and then to utilize dynamic imaging modalities

[EKG gated dynamic computerized tomographic angiography (CTA) and magnetic

resonance angiography (MRA)] to understand the limitations of these technolo-

gies and potential source of any complications. The first published mid-term re-

sults of aneurysm repair with fenestrated and branched endografts from a Euro-

pean center of excellence is described in Chapter 2. The use of fenestrated and

branched devices for difficult re-operative aortic surgery as a salvage procedure

was examined in Chapter 3.

These two clinical trials revealed new complications specific to fenestrated and

branched devices. For example, fractured or bent side-branches and occluded re-

nal branch vessels were observed. The potential of repeated dynamic stresses

related to the cardiac cycle was postulated as a source of the problems. The dy-

namic effect of placing a relatively stiff endograft into a compliant, pulsatile aorta

was examined in Chapter 4 through EKG-gated cine CTA. The cardiac based dy-

namics of the aorta was confirmed in a separate cohort of patients in Chapter 5

using the different modality of EKG-gated cine MRA. Furthermore, stent-graft de-

sign specific differences in compliance of the aorta and endograft were noted fol-

lowing EVAR.

The renal arteries are the most commonly preserved aortic branch vessels using a

fenestrated or branched technique. Furthermore, the complications identified in

the fenestrated and branched clinical papers were typically related to the renal ar-

teries. Therefore, we focused our attention on the effects of EVAR on renal artery

motion in Chapter 6. Based on earlier work noting differences in stent-graft design

on aortic dynamics, we evaluated the effect of three stent-graft designs (infra-re-
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nal fixation, supra-renal fixation, and branched) on renal artery motion in Chapter

7.

Clinicians are increasingly placing thoracic endografts for ‘off-label’ indications

such as traumatic aortic rupture in an effort to provide a less invasive and more

effective treatment for these seriously injured poly-trauma patients. Chapter 8 is

a systematic analysis of anatomic factors which may predict the rare, potentially

devastating complication of thoracic endoprosthesis collapse.

Based in part on dynamic CT imaging of thoracic endoprosthesis collapse outlined

in Chapter 8, an examination of normal descending aortic pulsatility was underta-

ken. The results are presented in Chapter 9 and provide insight into the local en-

vironment into which these thoracic stent-grafts are being placed. Chapter 10 pro-

vides a summary of the most important findings and speculation regarding the

importance of endovascular dynamics of the aorta and its sidebranches.
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Abstract

Purpose:

The technique of fenestrated and branched EVAR has been utilized for the treat-

ment a variety of aortic aneurysms. Although technically successful, longer term

results have been lacking. This paper reports on the mid-term results of fenestra-

ted and branched endografts from a European center with a large endovascular

experience.

Methods:

Thirty-eight patients were prospectively enrolled in a single institution investigati-

onal device protocol database between 2001 and 2005. Indications for fenestra-

ted or branched EVAR included unfavorable anatomy for traditional EVAR and an

AAA of greater than 5.5 cm in maximum diameter. Customized stent-grafts were

either fenestrated or branched and based on the Zenith system. Data was analy-

zed on an intention to treat basis. Differences between groups were determined

using ANOVAwith p<0.05 considered significant.

Results:

The mean follow-up was 25.8 months (median 25.0 months, range 9 46 months,

SD 12.7 months) with no patients lost to follow-up. All cause mortality was 13% (5/

38) with all deaths occurring within the first postoperative year. Thirty day mortality

was 2.6%. No patient died during the operation. Completion angiography demon-

strated successful sealing in 37 of 38 patients and an overall operative visceral

vessel perfusion rate of 94% (82/87). Cumulative visceral branch patency was

92% at 46 months. Stent occlusions, when they did occur, all occurred within the

first postoperative year. All postoperative occlusions occurred in unstented fenes-

trations or scallops. No occlusions occurred in stented vessels. There was no sig-

nificant difference in preoperative creatinine and postoperative creatinine at six

months, one, two, and three years respectively (p=NS). No patient required dialy-

sis. The aneurysm sac size decreased significantly during the first year and then

remained stable (p<0.05). Limb perfusion as assessed by the ankle-brachial index

was not affected by the presence of a fenestrated or branched endograft.

Conclusions:

The intermediate term results of fenestrated and branched endografts support

their continued use in patients with anatomic contraindications for standard EVAR.

Close surveillance is mandatory for early identification of visceral or branched

vessel stenosis and pre-occlusion. All measures of failure appear to occur during

the first year and then level off in subsequent longer term follow-up. This includes
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death, secondary interventions, branch vessel patency, and complications. As the

procedure matures, long-term results and randomized clinical trials will ultimately

be required to determine the safety, efficacy, and stability of this system.
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Introduction

Endovascular aneurysm repair (EVAR) has emerged from infancy not more than

fifteen years ago to become a primary treatment modality for properly selected pa-

tients1. Well controlled trials comparing EVAR to traditional open aneurysm surge-

ry have demonstrated comparable outcomes between the two groups2-4. The pe-

rioperative survival advantage of EVAR versus open repair is lost in longer term

follow-up5. Nevertheless, properly selected patients treated with EVAR can anti-

cipate the immediate benefits of improved outcome, shorter hospital stay, less

surgical morbidity, and a quicker return to normal activities3, 4. With these reported

benefits of an endovascular approach, both patients and physicians have attemp-

ted to increase the percentage of abdominal aortic aneurysm (AAA) patients sui-

table for EVAR. Furthermore, a different patient population with complex aneu-

rysms can be treated via an endovascular approach. These patients might

otherwise be subjected to greater perioperative risk if treated with an open surgi-

cal operation.

The primary limitation to successful endovascular repair of AAA’s has beenunfavor-

able anatomy, which most often includes a short (<15 mm) and angulated (>60)

proximal neck, reverse cone shape, small access vessels, inadequate working

length, and aneurysmswhich include proximal or distal branch vessels6-8. Of these,

a goodproximal neck is crucial and represents themost commoncontraindication to

standard, commercially available EVAR9, 10 In 1999, customized fenestrated stent

grafts emerged as a potential solution tomany of the problems limiting EVAR in ana-

tomically unfavorable patients11. Since that initial report, fenestrated EVAR is now

commercially available. At thismoment, it hasobtained theCEmark inEuropeand is

undergoing clinical trials in theUnitedStates. In addition to fenestrated endografting

for aneurysmswith short infrarenal necks, branched techniques have been introdu-

ced for the treatment of juxtarenal and suprarenal aneurysms12, 13.

Technical and short-term results have been promising with both fenestrated and

branched techniques14. The two largest series from Europe and North America

report on a combined total of fifty patients treated with a customized fenestrated

endograft placed proximal to the renal arteries15, 16. In these two series, 129 vis-

ceral vessels were incorporated into the grafts with 128 vessels patent at the end

of the procedure. However, these trials reported on only short-term results with a

mean follow-up of less than ten months. During the immediate follow-up, concerns

were raised. These included late visceral vessels stenosis, endoleaks, and a per-

manent renal impairment. Subset analysis of 72 patients treated with fenestrated

endografts during a six month mean follow-up demonstrated a significant risk of

adverse renal events in both patients with baseline renal insufficiency (39%) and

those without (16%)17.

The technique has matured and implantation of both fenestrated and branched
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endografts for the treatment a variety of aneurysms has been accomplished. Alt-

hough technically successful, longer term results have been lacking in the litera-

ture. This paper reports on the mid-term results of fenestrated and branched en-

dografts from a European center with a large endovascular experience.

Materials, Methods, and Patients

Thirty-eight patients were prospectively enrolled in a single institution investigati-

onal device protocol database between November 2001 and January 2005. The

research protocol was reviewed and approved by the Institutional Review Board.

Informed consent was obtained for all research patients. Indications for fenestra-

ted or branched EVAR included unfavorable anatomy for traditional EVAR and an

AAAof greater than 5.5 cm in maximum diameter. Patients with short necks as de-

fined as =10 mm, reverse cone shape necks, and aneurysms including visceral

vessels were all included in this series. The decision regarding which visceral ves-

sels should be included was determined by the surgical team based on obtaining a

safe and reasonable likelihood of successful and durable aneurysm exclusion

while minimizing complexity and potential complications. Customized devices

were utilized to include visceral vessels deemed critical for patient survival and

quality of life. In this series, 30 patients presented with short necks and 8 patients

with thoracoabdominal or suprarenal aneurysms. Imaging evaluation included

thin cut (<3mm) spiral computerized tomography angiography (CTA) with axial

and coronal reconstructions to evaluate anatomy and contrast angiography when

deemed necessary for additional anatomic information.

Customized stent-grafts were either fenestrated or branched and based on the

Zenith system (William A. Cook Australia., Ltd., Brisbane, Australia) as described

elsewhere18. Four types of customizable options were utilized: scallops, large and

small fenestrations, and branch sites (Figure 1). Radio-opaque markers identified

fenestrations and branch sites to enable accurate alignment. Anterior and poste-

rior markers facilitated rotational orientation during insertion and deployment.

Grafts were fitted with diameter reducing ties that allowed for only partial deploy-

ment prior to catheterization of side vessels which allowed for small changes in

orientation and positioning facilitating proper placement. Thirty modular devices,

in which a standard Zenith bifurcated endograft without the proximal attachment

struts fit into a peri-visceral component with fenestrations, and eight custom made

devices were utilized.

Fenestrated and/or branched EVAR proceeded in the operating theater under ge-

neral (n=15, 39%), epidural (n=17, 45%), or local anesthesia (n=6, 16%) based

upon surgeon, anesthetist, and patient preference. Patients were pre-hydrated

with intravenous solution prior to the procedure and urine output was monitored.

Imaging was performed using a mobile C-arm (OEC 9800, General Electric Medi-
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Figure 1
Photograph of a branched endograft de-
monstrating a small fenestration (thick
arrow), a scallop (thin arrow), and a pre-
made branch (red arrow).
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cal Systems, Salt Lake City, UT, USA). The technique for endograft deployment

has been previously described15, 19, 20. Briefly, the stent-graft is positioned, par-

tially deployed but constrained by the diameter reducing ties, catheterization of

the visceral vessels performed, the reducing ties removed, and then deployment

of side stents or stentgrafts. Stenotic branch vessels were pre-dilated with stan-

dard angioplasty techniques if the stent or stentgraft was unable to be advanced

into position. However, diseased target vessels were a relative contraindication so

we did not encounter many unexpected stenotic branch vessels. All branch ves-

sels underwent post-deployment dilation. An attempt to salvage all stenotic

branch vessels was undertaken. No branch vessels were unable to be catheteri-

zed due to orificial occlusive disease. Completion angiography was then perfor-

med. Type II endoleaks were followed and attempts to fix type I endoleaks invol-

ved balloon angioplasty and placement of additional cuffs. No Palmaz stents were

used to treat type I endoleaks as has been reported by others.

Post-operative evaluation consisted of clinical and laboratory assessment at dis-

charge, 1 month, 6 months, 12 months, and annually thereafter. Helical CT, duplex

evaluation, and abdominal X-rays were performed at 1 month, 6 months, 12

months, and annually thereafter. Contrast angiography was performed for sus-

pected type I endoleak and/or visceral vessel impairment with any required secon-

dary interventions performed at the time of angiography.

Results

The patients included in the study all possessed considerable co-morbidities

which excluded them from open repair (Table 1). Indications for fenestrated or

branched EVAR procedures included a short neck (n=30) or thoraco-abdominal

aneurysm (n=8),.

Thirty-eight patients (31 Men, 7 women) were treated from November 2001 until

January 2005 at a single academic institution with expertise in fenestrated and

branched procedures.

Operative Results

Endovascular access was obtained via the common femoral arteries. The mean

procedure time was 192 min. (range 110 360 min., SD 65 min.), and the mean

blood loss was 557 cc (range 100 2500 cc, SD 581 cc). The mean fluoroscopy time

was 30 min. (range 5 85 min., SD 23 min.) and 182 cc of iodinated contrast mate-

rial was used per procedure (range 80 400 cc, SD 62 cc). Branched endografts

were defined as either a premade branched device or an endograft in which cover-

ed stent-grafts (Jomed International AB, Helsingborg, Sweden; Atrium, Hudson,

NH, USA) were placed through the fenestrations. Modalities for vessel perfusion

included 11 fenestrations alone, 21 fenestrations with bare stents, 7 fenestrations
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with covered stents creating a branched device, 43 scallops alone, 4 scallops with

bare stents, and one premade branched device. With regard to the technique, we

initially used balloons but now use guiding catheters. This is much safer because

access is guaranteed. In the balloon phase we had to remove the balloon and in-

sert the stent which could prove very difficult. The second point is the flairing: we

do it thoroughly and it is important to balloon the inside of the stent at the end to

avoid post-flairing stenosis.

A preference towards stenting of visceral vessels occurred with experience, and

many of the unstented vessels were in the early cases. The overall operative tar-

get vessels success rate was 94% (82/87). Eighty-two visceral or branch vessels

were cannulated successfully and five branch vessels were not successfully trea-

ted.

Three endovascular procedures were considered initially unsuccessful with fai-

lure to perfuse the target branch vessels, requiring modification of the operative

procedure. One patient who initially had two scallops for right and left accessory

renal arteries was converted to an aorto-uni-iliac (AUI). We were unable to gain

access through an occluded iliac. We then abandoned the fenestrated option

and safely placed an AUI. It is important to note in this patient that the goal was

to save only the accessory renal arteries. The main renal arteries were uninvol-

ved. Therefore, we felt it safe to cover the accessory renal arteries rather than con-

Table 1.

Comorbidities Patients Percent

Cardiac 25 66%

Pulmonary 14 37%

Hostile Abdomen 4 11%

Advanced Age 6 16%

Bowel/Urine Fistula 3 8%

Other 2 4%

Obesity 2 4%

ASA I 0 0%

ASA II 7 18%

ASA III 27 71%

ASA IV 4 11%

Table 1.
The comorbidities
for patients under-
going fenestrated or
branched procedu-
res are listed. ASA
class is also
presented.
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tinue with potentially more morbid surgical options. This patient did well with no

renal infarcts on postoperative follow-up and a normal creatinine.

Another patient with an endograft possessing one small right renal artery fenes-

tration developed a severe stenosis of the left and a slight narrowing of the right

renal arteries due to improper endograft positioning. The endograft moved proxi-

mally during full deployment causing the bilateral renal artery narrowing. This mo-

vement occurred in spite of wire access to the renal arteries. It was uncertain if this

bilateral narrowing was significant, however the creatinine started to rise post-

operatively. This patient was taken back to the operating room on post operative

day #1 (POD#1) where he underwent open repositioning of the endograft and a

right iliac to right renal artery bypass. The repositioning consisted of opening the

aorta and pulling the endograft distally. The left renal artery was then widely pa-

tent, as the cause of the narrowing was the endograft. The orifice of the right renal

artery was covered after repositioning, and therefore a right renal artery bypass

was performed to restore perfusion. His creatinine rose from a baseline of 70

mmol/L to peak at 176 mmol/L on POD#3 and has now stabilized at 123 mmol/L

at one year follow-up.

The final patient underwent a procedure utilizing an endograft with four fenestra-

tions. This patient lost one accessory renal artery at the time of surgery. Postop-

eratively the main renal artery on the same side was occluded within one month,

although it was normal and widely patent on completion angiography.

Completion angiography demonstrated successful sealing in 37 of 38 patients.

One patient demonstrated evidence of a type I endoleak which was not treated

at the time of the initial intervention. This type I endoleak was confirmed on post-

operative CTscanning. Further investigation is currently underway regarding this

patient. Additionally, seven (18%) patients demonstrated radiological evidence of

type II endoleaks by either completion angiography or follow-up CT scanning.

There were no type III or type IVendoleaks observed.

Perioperative results

No patient died during the operation. Thirty day mortality was 2.6% following one

death on POD#8 secondary to mesenteric ischemia and bowel infarction. In this

patient who died, an endograft with two renal fenestrations and an SMA scallop

was placed without technical difficulty with SMA patency confirmed on completion

angiography. At autopsy the SMA remained patent. The ischemia may have been

secondary to embolic disease following guidewire manipulation or a severe low

flow state. The patient was classified as ASA IV with a preoperative ejection frac-

tion of only 23%. Perioperative morbidity included two significant retroperitoneal

bleeding events, two cardiac events (MI, arrhythmia), two surgical site infections,

two nosocomial infections (bladder, lungs), and one patient developed significant
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urinary retention. Mean hospital stay was 5.9 days (range 3 -12 days, SD 2.8

days).

Intermediate follow-up

The mean follow-up was 25.8 months (median 25.0 months, range 9 46 months,

SD 12.7 months) with no patients lost to follow-up. All cause mortality was 13% (5/

38) with all deaths occurring within the first postoperative year (Figure 2) with 0%

death from aneurysm rupture. Analyzed on an intention to treat basis, cumulative

visceral branch patency was 92% at 46 months. Only three vessels were lost po-

stoperatively, representing just 4% of all targeted branch vessels. All of the po-

stoperative occlusions occurred during the first postoperative year in unstented

fenestrations or scallops, while no occlusions occurred in stented vessels (Figure

3).

Figure 2.
All cause mortality was 13% (5/38) with all deaths occurring within the first postoperative
year with an aneurysm cause mortality of 0%.
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There was an initial need for secondary interventions within the first year, and the-

reafter no secondary interventions were required (Figure 4). One patient expe-

rienced mesenteric ischemia and was found to have a kinked stent-graft in the

SMA. This stent-graft was folded over on itself partially occluding flow. There were

two short covered stents and they started tilting and created a kink. Due to the fact

that this was the patient’s only mesenteric vessel, the patient developed mesen-

teric ischemia.

This patient was successfully treated with interventional retrieval of the stent and

placement of a new, longer stent. The outer stent was removed and replaced by a

longer covered stent (Atrium). Following this intervention, this patient remained

asymptomatic. Two patients underwent treatments for persistent type II endoleaks

with enlarging aneurysm sacs. An identical pattern emerges regarding complica-

tions related to fenestrated/branched EVAR, with all complications occurring wit-

hin the first year, and then an absence of complications during subsequent longer

term follow-up (Figure 5).

Average renal function remained unchanged during the follow-up period (Figure

Figure 3.
Analyzed on an intention to treat basis, cumulative visceral branch patency was 92%
at 46 months. Stent occlusions, when they did occur, all occurred within the first
postoperative year.
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6). No patient required dialysis. Only two patients experienced significant decline

in renal function (increase in creatinine of more than 50%), and each had an addi-

tional explanation for this morbidity. One patient had the endograft malpositioned,

resulting in bilateral severe renal artery stenosis. He underwent an open laparoto-

my with repositioning of the endograft and a right renal artery bypass on POD#1.

The other patient experienced a cardiac arrest resulting in renal impairment follo-

wing resuscitation. The aneurysm sac size decreased significantly during the first

year and then remained stable (Figure 7). Limb perfusion as assessed by the an-

kle-brachial index was not affected by the presence of a fenestrated or branched

endograft.

Discussion

Early promising initial results have been reported regarding primary juxtarenal

aneurysm repair using fenestrated techniques15, 16. The question remains as to

whether the intermediate and long-term results will match the expectations raised

Figure 4.
There was an initial need for secondary interventions within the first year, and thereafter
no secondary interventions were required.
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by early reports. Several issues present themselves when considering the long-

term durability of fenestrated and branched endografts. Fenestrated device place-

ment necessarily relies of extremely precise imaging and deployment. Vessel

ostia are aligned with very little margin for error. The early technical and short term

reports indicate that this exact measurement and deployment can be successfully

accomplished with satisfactory results. We initially believed that the risk of mis-

alignment would increase with time as changes in aortic morphology in relation

to side branches become more pronounced.

The data from this series, with a mean follow-up of over two years suggests other-

wise. There is change in aortic morphology, as the aneurysm shrinks significantly

during the first year following endovascular repair. The aneurysm remains stable

after one year, and this may help in preventing further target vessel loss in longer

follow-up. Vessel loss appears to be related primarily to procedure related difficul-

ties and not to changes in aortic morphology. All target vessels which occluded,

representing 5% of the total, were lost during the first year. Thereafter, vessel pa-

Figure 5.
Complications occurred within the first year. There was an absence of complications
during subsequent longer term follow-up.
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tency remains quite high. Furthermore, as the technique has evolved, modificati-

ons in technique will likely result in improved initial target vessel patency.

All of the target vessels that occluded postoperatively (one small fenestration and

two scallops) occurred in unstented arteries. Our current practice is to stent all re-

nal fenestrations, even if they are scallops. Although the numbers are small, since

we have employed routine stenting of all renal fenestrations and the use of rein-

forced fenestrations and scallops, we have not experienced any additional po-

stoperative target vessel occlusions. Typically, for renal arteries, we started using

stents to keep the appositioning perfect as one can not rely on perfectly correct

pre-operative measurements. The stents will force each small fenestration to-

wards its perfect position if needed.

There are concerns regarding the long-term effect of fenestrated endografts on

renal function. Several authors noted an immediate decrease in renal function fol-

lowing graft implantation16, 17, 21. Speculation regarding the etiology of this decre-

ased renal function revolves primarily around contrast nephrotoxicity and peri-

procedural athero-emboli. However, these causes of renal impairment should be

limited to only the short-term results as once the procedure is completed; the of-

fending mechanisms are no longer present.
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Figure 6.
Average renal function was unchanged during the follow-up period. (p=NS)
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There was no significant difference in preoperative creatinine and postoperative

creatinine at six months, one, two, and three years respectively. We acknowledge

that renal artery stenosis would not likely be detected by serum creatinine measu-

rements. Glomerular filtration rate and renal artery duplex examinations may pro-

vide a better analysis of postoperative renal function. However, previously repor-

ted risk of renal impairment may be overstated and is not supported by our data

reporting intermediate term follow-up. However, the importance of meticulous

technique in renal cannulation and positioning of the endograft in relation to the

renal arteries can not be overstated.

The low incidence of type I endoleaks in this intermediate follow-up period (2.6%,

1/38) supports the theory that extending the endograft fixation to a relatively

straight and longer proximal aorta through the use of fenestrations and side bran-

ches does achieve better sealing zones than attempting EVAR with poor anato-

my9, 10, 22. The fenestrations do not appear to result in increased endoleaks which
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Figure 7.
The aneurysm sac size decreased significantly during the first year and then remained
stable. (p<0.05)
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was an initial worry. We feel that with the routine use of reinforced fenestrations

and scallops and covered stenting of all small fenestrations and many scallops,

we can expect even less endoleaks in the future. Additionally, we now use longer

stent-grafts in the branched designs with close attention given to precise and pro-

per flaring within the endograft skeleton. We feel that the long stent-grafts better

distribute forces along the branched vessel with better results. Type II endoleak

rate (18%, 7/38) is comparable to standard EVAR and treated similarly. No ad-

verse sequela resulted from a type II endoleak although they did result in more

secondary procedures.

In contrast to our early report, the techniques have evolved with more difficult ana-

tomical challenges being met through the use of side branches and more compli-

cated fenestrated grafts. However, as our experience has grown, the complexity

and technical demands of the procedure have also increased. In our experience,

this has required a team approach to fenestrated and branched endovascular

aneurysm repair which we feel is important to emphasize as the procedure beco-

mes increasingly accepted.

In conclusion, the intermediate term results of fenestrated and branched endo-

grafts support their continued use and evaluation in patients with anatomic contra-

indications for standard EVAR. Close surveillance is mandatory for early identifi-

cation of visceral or branched vessel stenosis and pre-occlusion. All measures of

failure appear to occur during the first year and then level off in subsequent longer

term follow-up. This includes death, secondary interventions, branch vessel pa-

tency, and complications. In this respect, the results of fenestrated and branched

endografts are in agreement with previously published standard EVAR series3, 4.

As the procedure matures, long-term results and randomized clinical trials will ul-

timately be required to determine the safety, efficacy, and stability of this system.
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Abstract

Introduction:

Para-anastomotic aneurysms (PAAs) located at/above aortic branch vessels pre-

clude routine treatment with standard EVAR. We present our experience using fe-

nestrated and branched EVAR for PAA following prior open aneurysm surgery, and

after previous EVAR complicated by proximal type I endoleak.

Methods:

Fenestrated and/or branched EVAR was performed on eleven patients(3/2002-9/

2005). Indications included proximal type I endoleak after EVAR and short infrare-

nal neck(n=4), suprarenal aneurysm after open AAA(n=4), distal type I endoleak

after endovascular TAA(n=1), proximal anastomotic aneurysm after open

AAA(n=1), and an aborted open AAA repair due to inflammation/bleeding around

a short infrarenal neck.

Results:

The operative target vessel success rate was 100%(28/28) with aneurysm exclu-

sion in all patients. Mean hospital stay was 6.0 days(range2-12 days,SD3.5 days).

Thirty day mortality was 0%. All cause mortality during 18 months mean follow-up

(range544 months,SD16.7 months) was 18%(2/11) with 0% death from aneurysm

rupture. Cumulative visceral branch patency was 96%(27/28) at 42 months. Ave-

rage renal function remained unchanged during the follow-up period.

Conclusions: Our report highlights the potential of fenestrated and branched

technology to improve re-operative aortic surgical outcomes. The unique difficul-

ties of increased graft on graft friction hindering maneuverability, short working

distance, and increased patient co-morbidities need to be recognized.
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Introduction

Long-term proximal complications following endovascular aneurysm repair (EVAR)

and open infrarenal abdominal aortic aneurysm (AAA) repair has been reported in

the literature to range from 2.4 to 5.2 % 1-5. Although late graft infection, proximal

anastomotic stenosis, and intrinsic graft failure have all been described, the majo-

rity of these complications include true juxta-anastomotic aneurysms and pseudo-

aneurysms following open repair and type I endoleaks following EVAR3, 5, 6. Left

untreated, these complications carry a significant risk of rupture and thereafter little

opportunity for survival4.

Traditional open surgical repair, the historical mainstay of treatment, is difficult. In

one large series reporting on open repair of proximal anastomotic failure following

open infrarenal AAA repair, renal artery re-implantation or bypass was required in

45% with significant surgical morbidity in 27%1. In another series of patients with

para-anastomotic aneurysms (PAA), emergent repair resulted in a 24% mortality,

repair after rupture in 67% mortality, and even elective repair carried an 11% mor-

tality7.

Endovascular repair has been proposed as an alternative in properly selected pa-

tients with PAA as a means to reduce the relatively poor results following open re-

pair8-11. In one series endovascular treatment reduced mortality to 3.6% and sig-

nificant morbidity to 14.2%12. However, the long-term durability of endografts

placed within a prior surgical prosthesis has been questioned11. In one series, tu-

be grafts placed for the treatment of PAA have shown dismal results, requiring

later revision in most of the cases11.

Endovascular repair of type I endoleaks are common, but often the anatomic limi-

tation that resulted in failure of the initial endograft prevents successful standard

treatment with the placement of an endovascular cuff or a new device. The very

nature of proximal aortic complications following EVAR or open surgery, with the

anatomic problem located at or above aortic branch vessels, precludes their rou-

tine treatment with standard endovascular grafts. Many patients are poor candida-

tes for endovascular aneurysm repair (EVAR) based on anatomic contraindicati-

ons such as short infrarenal necks or aneurysms which include aortic branch

vessels.

Fenestrated and branched techniques have been applied to this subset of patients

who have not undergone prior surgery with good technical and short-term re-

sults13-16 Recently, there has been a technical report utilizing fenestrated and

branched techniques to increase the percentage of patients with PAAs after open

surgery who could be offered an endovascular treatment option17. This report pre-

sents our experience using fenestrated and branched endovascular stent-grafts

both for the treatment of PAA following prior aneurysm repair by open surgery,

and also after previous endovascular repair complicated by type I endoleaks.
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Materials, Methods, and Patients

Eleven patients with prior aneurismal surgery were enrolled in a single institution

investigational device protocol database between March 2002 and September

2005. Informed consent was obtained for all research patients. Indications for fe-

nestrated or branched EVAR included unfavorable anatomy for traditional endo-

vascular repair and a PAA of at least 5.5 cm in diameter (5 cm for women) or a per-

sistent type I proximal endoleak. Traditional endovascular repair, including

placement of a standard endovascular cuff or additional Palmaz stent, was dee-

med unlikely to result in a durable solution at the discretion of the operating endo-

vascular team (as decided in the multidisciplinary patient evaluation). Imaging

evaluation included thin cut (<3 mm) spiral computerized tomography angiogra-

phy (CTA) with axial and coronal reconstructions to evaluate anatomy and con-

trast angiography when deemed necessary for additional anatomic information.

Customized stent-grafts were either fenestrated or branched and based on the

Zenith system (William A. Cook Australia., Ltd., Brisbane, Australia) as described

previously16. Three types of customizable options were utilized: scallops, small

fenestrations (6 mm in diameter), and branch sites (pre-made or a fenestration

with a stent-graft inserted). Radio-opaque markers identified fenestrations and

branch sites to enable accurate alignment. Anterior and posterior markers facilita-

ted rotational orientation during insertion and deployment. Grafts were fitted with

diameter reducing ties that allowed for only partial deployment (in terms of diame-

ter) prior to catheterization of side vessels which allowed for small changes in ori-

entation (and positioning) to facilitate proper placement.

Fenestrated and/or branched EVAR proceeded in the operating theater under ge-

neral, epidural, or local anesthesia based upon surgeon, anesthesiologist, and

patient preference. Patients were pre-hydrated with intravenous solution prior to

the procedure and urine output was monitored. Imaging was performed using a

mobile C-arm (OEC 9800, General Electric Medical Systems, Salt Lake City, UT,

USA). The technique for endograft deployment has been previously described13,

15. Briefly, the stent-graft is positioned, then deployed but still constrained by the

diameter reducing ties, catheterization of the visceral vessels performed, the re-

ducing ties removed, the top cap opened followed by deployment of stent(graft)s

inside the target vessels. Completion angiography is then performed.

Post-operative evaluation consisted of clinical and laboratory assessment at dis-

charge, 1 month, 6 months, 12 months, and annually thereafter. Helical CTA, du-

plex evaluation, and abdominal X-rays were performed at 1 month, 6 months, 12

months, and annually thereafter. Contrast angiography was performed for sus-

pected type I endoleak and/or visceral vessel impairment with any required secon-

dary intervention performed at the time of angiography, if regarded possible.
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Results

The patients included in the study all presented with co-morbidities which placed

them at high risk for an open repair. Nine out of the eleven patients were classified

as ASA Class III or IV. Indications for re-operative fenestrated or branched EVAR

procedures included proximal type I endoleak after prior EVAR with a short infra-

renal neck (fenestrated, n=4)(Figure 1), suprarenal aneurysm extension after

open infrarenal AAA repair (branched, n=4)(Figure 2), a distal type I endoleak af-

ter prior endovascular TAA repair and less than 10 mm between the distal endo-

graft and the celiac axis (fenestrated, n=1)(Figure 3), a proximal anastomotic

aneurysm after previous open AAA repair (fenestrated, n=1), and finally one pa-

tient who had his open repair aborted due to inflammation and bleeding around a

short infrarenal neck (fenestrated, n=1).

Eleven patients (9 men, 2 women) were treated from March 2002 until September

2005 at a single academic institution with expertise in fenestrated and branched

procedures (Table 1).

Table 1

Table 1. Prior surgery, post-operative problem, endovascular solution, and number of
branch vessels involved are listed for all patients included in this series.

Operative Results

Endovascular access was obtained via the common femoral arteries. One patient

underwent a planned laparotomy for left renal artery endovascular access. In this

particular patient the origin of both renal arteries seemed difficult to access (angu-

lation; lifted by the aneurysm) Therefore we pre-operatively did an additional an-

giography with the purpose to catheterize both renal arteries. We did not succeed

Patient Prior surgery Post-op problem Endo solution Vessels involved
1 Aorto-bifem Suprarenal extension Branched device 2
2 Endo TAA Distal type I endoleak Fenestrated device 1
3 Endo AAA Prox type I endoleak Fenestrated device 3
4 Endo AAA Prox type I endoleak Fenestrated device 1
5 Endo AAA Prox type I endoleak Fenestrated device 2
6 Endo AAA Prox type I endoleak Fenestrated device 3
7 Aorto-bifem Suprarenal extension Branched device 3
8 Aorto-bifem Suprarenal extension Branched device 4
9 Open tube AAA Suprarenal extension Branched device 3
10 Aortic tube Anastomotic

aneurysm
Fenestrated device 3

11 Open surgery 
(aborted)

- Fenestrated device 3
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on the left. Therefore we did a laparotomy and accessed the renal artery by punc-

ture and catheterized the fenestration in a retrograde manner. The mean proce-

dure time was 243 min. (range 110 420 min., SD 117 min.), and the mean blood

Figure 1.
Angiogram demonstrating a large proximal type I endoleak after prior EVAR with a short
infrarenal neck.
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loss was 889 ml (range 200 1500 ml, SD 635 ml). The mean fluoroscopy time was

40 min. (range 5 88 min., SD 28 min.) and 198 ml of iodinated contrast material

was used per procedure (range 100 400 ml, SD 85 ml). Branched endografts were

defined as either a premade branched device (n=1) or an endograft in which co-

vered stent-grafts (Jomed International AB, Helsingborg, Sweden; Atrium, Hud-

son, NH, USA) were placed through the fenestrations creating a branched endo-

graft (n=3). Twenty-eight branch visceral vessels were cannulated successfully.

The overall operative target vessels success rate was 100% (28/28).

All endovascular procedures were considered initially successful defined by suc-

cessful perfusion of the target branch vessels. One patient had the endograft pla-

ced a little low, but was left in place due to aneurysm exclusion and patent, well

perfused side vessels. Completion angiography demonstrated successful sealing

with aneurysm exclusion in all patients. In one patient a type II endoleak was dia-

gnosed which was not treated at the time of the initial intervention. There were no

type I, III, or IVendoleaks observed.

Table 2

Three intra-operative complications were noted: in one patient repositioning of the

graft proved very difficult and we had to force the graft down a few cm inside a pre-

vious surgical graft, but crushed the lower two stents of the tube. This required a

bridging body extension to achieve sealing between the tubular first part and the

bifurcated second part. In a second patient, after previous stentgrafting, insertion

of the contralateral limb of the fenestrated graft dislocated the old Vanguard limb,

which required a bridging stentgraft to seal distally. In a third patient, the insertion

of the contralateral limb proved difficult and finally dislocated a stent inside the

Patient OR Time 
(min)

Blood
Loss (cc) 

Aneurysm
Size (mm) 

Contrast
(cc)

Radiation
(min)

Hospital 
Stay (days)

1 420 1500 61 400 58 9
2 165 300 80 200 75 4
3 190 1700 55 140 23 10
4 155 200 65 160 25 12
5 110 400 65 100 5 5
6 150 400 55 160 28 3
7 300 1500 62 220 33 4
8 420 1500 60 220 22 2
9 280 500 61 180 88 5
10 240 600 55 190 35 3
11 190 150 87 150 53 4
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right renal artery. This stent had to be recovered and a new one had to be reposi-

tioned.

Perioperative results

No patient died during the operation. Mean hospital stay was 6.0 days (range 2 -12

days, SD 3.5 days). Thirty day mortality was 0%. Perioperative morbidity included

Figure 2.
Contrast CT scan demonstrating suprarenal aneurysm extension ten years after open in-
frarenal AAA repair with a bifurcated prosthesis. The patient represented by this CT scan
has only one patent renal artery (right). Although not evident in this image, the SMA is also
thrombosed.
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one significant retroperitoneal bleeding event, however not requiring surgical in-

tervention, one patient developed urinary retention requiring a urinary catheter for

48 hours, and one patient experienced lower extremity paralysis after the proce-

Figure 3.
Angiogram demonstrating a distal type I endoleak after prior endovascular TAA repair and
less than 10 mm between the distal endograft and the celiac axis precluding proper sealing
with a standard non-fenestrated endovascular extension. The celiac axis is identified by
the arrow.
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dure. The patient who experienced paralysis underwent a branched endovascular

repair for the treatment of a suprarenal extension after open infrarenal AAA repair.

The branched device contained a full branch for the right renal artery and a small

fenestration fitted with a covered stent for the celiac trunk. The SMA and the left

renal artery were occluded for a long time. On the first post-operative day, the pa-

tient experienced lower extremity paralysis. A lumbar drain was placed and the

symptoms resolved over the next three days. The neurologist who followed the

patient during admission concluded that there was a slight muscular weakness

at discharge, but was likely due to the procedure and postoperative period of im-

mobilization, increased by the paraplegia. At out-patient control, patient regained

normal muscle strength. However this was not confirmed by neurological investi-

gation.

Follow-up

The mean follow-up was 18 months (range 5 44 months, SD 16.7 months) with no

patients lost to follow-up. All cause mortality was 18% (2/11) with 0% death from

aneurysm rupture. The two patients who died both suffered a myocardial infarc-

tion, respectively 9 and 42 months after their fenestrated endovascular surgery.

Analyzed on an intention to treat basis, cumulative visceral branch patency was

96% (27/28) at 42 months. One unstented renal artery scallop, in the early expe-

rience with fenestrated stent-grafting, occluded within six months.

There was an initial need for secondary interventions within the first year, and the-

reafter no secondary interventions were required. One patient experienced me-

senteric ischemia and was found to have a kinked stent-graft in the celiac artery

(Figure 4). This patient’s symptoms included abdominal pain following meals. An-

giography confirmed a significant stenosis in the celiac trunk and the presence of a

kink between two short side stentgrafts. At the primary procedure, we positioned

two short covered stents inside the celiac trunk, but they started tilting and created

a kink. Due to the fact that the celiac artery was the patient’s only mesenteric ves-

sel, as mentioned before, the patient developed symptomatic mesenteric ische-

mia. He was successfully treated with interventional retrieval of the most proximal

covered stent and placement of a new, longer covered stent (Atrium) (Figure 4).

Following this intervention, the patient remained asymptomatic. A second patient

was converted to open surgery after 6 months. In this patient, a three-branch graft

was never positioned correctly to begin with: the final position of the graft ended

too low and tilted to the right. Control CTA showed a crushed stent in the superior

mesenteric artery. We elected to convert him. He recovered well from this proce-

dure. Finally, one patient underwent open lumbar artery clipping for a persistent

type II endoleak with an enlarging aneurysm sac.

Mean serum creatinine remained unchanged during the follow-up period. No pa-
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tient required dialysis. Except for the patient with the renal artery occlusion (crea-

tinine rising from 84 to 114), no patient experienced a decline in renal function (in-

crease in creatinine of more than 30%). Limb perfusion as assessed by the ankle-

brachial index was not affected by the presence of a fenestrated or branched en-

dograft.

Discussion

Re-operative aortic surgery is difficult with substantially increased morbidity and

mortality when compared to operating on virgin aortic aneurysms. Early reports on

PAA have recommended an endovascular approach to these patients in an effort

to improve quality of life and survival. Patients requiring re-operative aortic surge-

ry, whether after EVAR or open surgery, are often older with more co-morbidities

than patients presenting with their first aortic aneurysms. In our series, most of the

patients were deemed unfit for open surgical repair. In these high risk patients, re-

operative fenestrated and branched salvage procedures are often the only realis-

tic chance for successful aneurysm exclusion and subsequent long-term survival.

Figure 4.
A. Post-operative (6 month) fluoroscopic view of the branched endograft in a patient who
experienced mesenteric ischemia and was found to have a kinked stent-graft in the celiac
artery (arrow).
B. He was successfully treated with interventional retrieval of the most proximal covered
stent and placement of a new, longer covered stent. This image shows the proximal cover-
ed stent after it was retrieved by snare and removed from the patient.
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Figure 5.
A. Photograph demonstrating a branched endovascular solution consisting of a single pre-
made device with a fenestration for the celiac artery, a branch for the solitary right renal ar-
tery, and a contralateral iliac limb with the gate positioned inside the body instead of outside.
B. A guidewire and guiding sheath have been placed through the branch destined for the
solitary right renal artery.
C. A covered stentgraft has been deployed in the right renal artery branch, extending the
sealing zone. The endograft has been partially deployed in this photograph. The contrala-
teral gate is open, but the endograft continues to be attached to the main delivery system.
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Operative Difficulties

Inadequate working distance (i.e. length form renal arteries to neo-bifurcation) in

re-operative endovascular surgery increases the complexity of many procedures

and requires imagination and flexibility in the design and deployment of these de-

vices. Indeed, previously inserted surgical grafts or endovascular grafts usually

present with a rather short body and long limbs. This problem is illustrated in the

patient shown in Figure 2. The patient developed a suprarenal aneurysm ten years

after an open surgical infrarenal repair; there was very little working distance in

which to place a composite device (i.e. standard three part fenestrated graft). This

case was further complicated by the previous open repairs in which the left renal

artery and SMAwere both lost. In summary the aneurysm had a short working dis-

tance from the renal arteries to the bifurcation of the previously implanted aortic

prosthesis, two of four visceral vessels were already occluded, and he was facing

a very difficult re-operative open procedure. The branched endovascular solution

included a single premade device with a fenestration for the celiac artery, a branch

for the solitary right renal artery, and a contralateral iliac limb with the gate positi-

oned inside the body instead of outside (Figure 5). The use of double diameter-

reducing ties improved maneuverability and allowed the device to be placed wit-

hin the confines of the short working distance.

Besides the length issue, repositioning of the graft can prove very difficult due to

previous surgical or endovascular grafts. Friction with the open fenestrated graft

and smaller access can create difficulties, as experienced in 5 out the 11 patients.

In three of them the problem was solved without too many difficulties, but in one

patient, we really had to force down a graft that was positioned about 2 cm too

high. This resulted in damaging the lowest two stents of the fenestrated tube and

probably the fabric. After insertion of the second bifurcated part, we used a brid-

ging body extension to seal the overlap zone securely. In the last patient, the re-

moval of the sheath after introduction of the third part (i.e. the contralateral limb)

luxated an old Vanguard limb distally. This was easily solved by using an extra

bridging extension (Hemobahn, W.L. Gore, U.S.A.) .

A general problem with fenestrated stentgrafting, not only after previous surgery,

is the risk of luxating a stent inside the renal arteries with the introduction of the

second bifurcated part or the third contralateral limb. This happened once in this

patient group, and was solved by retrieving the luxated covered stent (Jomed In-

ternational AB, Helsingborg, Sweden) and leaving it in the aneurismal sac, and

replacing it.

It is clear that these techniques are not easy and require good preparation and

execution, as well as sufficient back-up material present, to solve intra-operative

complications.
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Late Re-interventions

Three patients in this series required a secondary procedure. This included the

patient with a kinked stent-graft in the celiac artery which was detailed above.

The secondary procedure was an endovascular one to removed the kinked

stent-graft and place a new, longer one. The second patient underwent a laparo-

tomy for a persistent type II endoleak in the setting of an enlarging aneurysm sac.

The final patient is undergoing open conversion six months after the fenestrated

repair. The conversion was regarded necessary in view of the poor initial place-

ment of the fenestrated graft. In retrospect this stent-graft was positioned too

low and also tilted to the right, with resultant severe angulation. This resulted in

an acute renal stent-graft takeoff to the left renal artery, and a kinking of the

stent-graft in the SMAwith secondary severe stenosis. The reason for the malpo-

sitioning was probably an error in conception: instead of using a three-branch graft

with a scallop for the celiac trunk, we should have used a four-branch graft, inclu-

ding the celiac trunk, therefore achieving a better seal proximally (and somewhat

higher). It is clear that we are facing a learning curve with this particular group of

patients.

Conclusion

Fenestrated and branched endografts may provide an alternative to open surgical

repair for the treatment of difficult re-operative aortic aneurysms. This series on

the technical and early results support their continued investigational use as a sal-

vage procedure for aneurismal degeneration following previous surgical repair.

The unique difficulties of increased graft on graft friction hindering maneuverabi-

lity, short working distance, and increased patient co-morbidities need to be re-

cognized. Our report highlights the potential of fenestrated and branched techno-

logy to improve re-operative aortic surgical outcomes.
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Abstract

Objective:

Endograft sizing has been based primarily on static CT, discounting the naturally

pulsatility of the aorta. The purpose of this study was to utilize dynamic cine-CT

scanning on pre- and post-operative EVAR patients to characterize cardiac indu-

ced aortic motion within the aneurysm neck, an essential EVAR sealing zone.

Methods:

ECG-gated CTA data sets were acquired utilizing a 64-slice Philips Brilliance CT-

scanner on 15 consecutive pre- and post-operative AAA patients. Axial pulsatility

measurements were taken at two clinically relevant levels within the aneurysm

neck; 2 cm above the highest renal artery and 1 cm below the lowest renal artery.

Changes in aortic area and diameter were determined.

Results:

Significant aortic pulsatility exists within the aneurysm neck during the cardiac cy-

cle. Pre-operative aortic area increased significantly with a maximum increase of

up to 12.5%. The presence of an endograft did not affect aortic pulsatility (p=NS).

Post-operative area changed also significantly during heart cycle with a maximum

increase of up to 14.5%. Diameter measurements demonstrated an identical pat-

tern with significant pre- and post-operative intra-cardiac pulsatility within and

above the aneurysm neck (p<0.05). An increase in diameter is seen with a maxi-

mum diameter change of up to 15%.

Conclusion:

Patients undergoing EVAR experience aortic diameter changes within and above

the aneurysm neck. The presence of an endograft does not abrogate this res-

ponse to intra-cardiac pressure changes. Static CT imaging may not adequately

identify patients with large aortic pulsatility, potentially resulting in endograft un-

dersizing, stent-graft migration, intermittent type 1 endoleaks, and poor patient

outcomes. The current standard regime of over sizing of 10 to 15% based on static

CT may be inadequate for some patients.
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Introduction

In properly selected patients, endovascular aneurysm repair (EVAR) is the prefer-

red treatment modality for aneurysms of the infrarenal abdominal aorta1;2. Com-

plications, when they occur, can negate the purported benefits of a shorter hospi-

tal stay, decreased days in the intensive care unit, less surgical morbidity, and a

quicker return to normal activities. The most critical factor for determining suitabi-

lity and durability of EVAR relates to the anatomy and morphology of the infrarenal

aortic neck3;4. This is the zone where stent-graft sealing occurs. Static computed

tomography angiography (CTA) is the currentˆgold standard¤ for pre- and post-

operative AAA imaging 3;4-8. Patient selection is based solely on static images,

irrespective of the fact that the abdominal aorta is a three dimensional moving or-

gan.

Aortic pulsatility may play a causative role as described in EVAR complications,

such as late rupture, endoleaks, stent fracture, and stent-graft migration9-13. Little

was known about the natural aortic motion and how the placement of an endopro-

thesis would effect that motion when Parodi first treated an AAA patient with an

endovascular stent-graft14;15. Previous report of our group showed significant pul-

satility at important anatomic landmarks prior to EVAR 16. Does the presence of an

endograft alter these dynamic forces? If aortic wall pulsatility is diminished by li-

ning it with an endoprosthesis, concern over motion related complications may be

lessened. However, continued pulsatility may suggest the need for oversizing

greater than the typical 10-15% practiced by many clinicians.

Utilizing new dynamic imaging tools, such as cine-CTA, may provide for improved

decision making regarding endovascular candidate suitability and stent-graft si-

zing. The purpose of this study was to utilize 64-slice dynamic CT to evaluate aor-

tic diameter changes before and after EVAR within the aneurysm neck.

Patients and Methods

Patients were evaluated at a single institution for AAA repair. We evaluated all pa-

tients with an aneurysm size of 5.5cm in diameter or more. Patients were rejected

for EVAR with angulated necks (> 60 degrees) or aneurysm necks less then 1.5cm

of length. EVAR was performed by one operating surgeon utilizing either the Ex-

cluder (n=4) (W.L. Gore, Flagstaff, AZ, USA) or Talent (n=11) (Medtronic, Santa

Rosa, CA, USA) devices. CT scans used for analysis were obtained as part of

the standard pre- and post-operative evaluation protocol. Endograft sizing was

based on static images (untagged data). Patients were not subjected to additional

CT scanning or radiation exposure.

Fifteen consecutive patients were studied pre- and post-EVAR. The pre-EVAR

scan served as the control for the identical patient’s post-EVAR scan. Data was

acquired using an ECG-gated dynamic 64-slice CTscanner (Philips Medical Sys-
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tems, Cleveland, OH, USA). Images were acquired during a single breath-hold

phase of 20 seconds during which the entire abdomen was imaged. The imaging

protocol was set at 1.25 mm collimation and a pitch of 0.25. Radiation exposure

parameters were 120 kVp and 300 mAs, resulting in a CT dose index (CTDIvol)

of 21 mGy. Intravascular non-ionic contrast (120 ml) (Imerol 300, Schering, Berlin,

Germany) followed by a 50ml of saline chaser bolus was injected at a flow rate of

4ml/s. The scan was started using bolus triggering software with a threshold of

100HU over baseline.

ECG triggered retrospective reconstructions were made at eight equidistant time

points over the R-R cardiac cycle. The data set of each patient was loaded into a

separate workstation (Extended Brilliance Workspace, Philips Medical Systems,

Cleveland, OH, USA) and processed using the cardiac review program function.

The gated data sets, covering the cardiac cycle, were reconstructed perpendicu-

lar to the center flow lumen of the aorta. Two relevant anatomic levels of the aorta

were selected for analysis; 2cm above the highest renal artery (level 1) and 1cm

below the lowest renal artery (level 2)(Figure 1). Analysis of the dynamic scans

was performed using Dynamix software (Image Sciences Institute, Utrecht, the

Netherlands). This software was developed to perform automated segmentation

and measure changes in area and diameter at predetermined aortic levels (figure

2). Each segmentation was reviewed manually by two blinded observers indepen-

dently.

Statistical analysis of changes in area and diameters were performed using a Stu-

dent’s t-test for paired data. Significance was assumed at p< 0.05. Data on area

and diameter were expressed as mean and standard deviation. Analysis of repea-

tability and to compare measurements by two observers was performed according

to Bland and Altman17

All patients underwent dynamic CTscanning for evaluation for surgical correction

of abdominal aortic aneurysms. Therefore, most patients were taking beta bloc-

kers. The heart rates ranged from 63 to 106 bpm. Therefore, the reconstructed ga-

ted data set represents the average over 20 seconds and several heartbeats. It

does not contain data for a single heartbeat.

Results

Aortic area change

Preoperative aortic area changed significantly during each cardiac pulsation at

each of the two anatomic levels. Two cm above the highest renal artery (level 1)

it changed from 464 73 mm2 to 494 76 mm2 per cardiac cycle (p<.001). One cm

below the lowest renal artery (level 2) aortic area changed from 381 112 mm2 to

409 118 mm2 (p< 0.001) (Figure 3). This corresponded to a pre-EVAR mean aortic

area increase of 7.0% per cardiac cycle (p< 0.001 for both levels). A maximal in-
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crease of 12.5% was observed. The intraobserver repeatability coefficient was

35.9 mm2 and the interobserver variability coefficient was 6.6 mm2 indicating no

significant difference within and between observers.

Postoperative aortic area also changed significantly during each cardiac cycle;

from 447 63 mm2 to 480 72 mm2 at level 1. At Level 2 it changed from 411 109

mm2 to 436 110 mm2;p< 0.001 for all levels) (Figure 3). This corresponded to a

post-EVAR mean aortic area increase of 7.9% per cardiac cycle (p< 0.001 for all

levels), with a maximum increase of 14.5%. Post-EVAR aortic area was not statis-

tically different from pre-EVAR aortic area changes (p=NS). Endograft placement

did not significantly alter mean area change at any of the levels (Figure 3). The

inter-observer repeatability coefficient was 20.8 mm2 and the intra-observer re-

peatability coefficient was 7.8 mm2 indicating no differences within or between ob-

servers.

Aortic diameter change

Aortic diameters changed significantly during the cardiac cycle at all measured le-

vels. Preoperatively, mean aortic diameter changed from 24 1.8 mm to a maximum

Figure 1.
The two anatomic levels of the abdominal
aortic aneurysm; level 1 is 2 cm above the
highest renal artery. Level 2 is 1 cm below
the lowest renal artery. This is the area of
possible landing zone for the proximal at-
tachment of endovascular aneurysm re-
pair.
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of 25 1.9 mm at level 1 (p< 0.001). The diameter changed from 21 3.3 mm to 23 3.4

mm at level 2 (p< 0.001) (Figure 4). The mean percentage change of diameter at

level 1 is 6%, with a maximum increase in diameter of 11%. For level 2 the mean

change is 5%, with a maximum increase of 14%. The intra-observer repeatability

coefficient was 3.02 mm and the inter-observer repeatability coefficient was 3.84

mm indicating no significant differences within or between observers.

Postoperatively, mean aortic diameter also changed significantly during each car-

diac cycle. At level 1 it changed from 23 1.6 mm to 25 1.8 mm. At level 2 mean dia-

meter changed from 22 2.9 mm to 24 2.9 mm (p< 0.001 for both levels) (Figure 4).

This change corresponded with an increase in mean aortic diameter for level 1 of

7%with maximum increase up to 11%. Level 2 showed a mean increase of 6%with

a maximum increase up to 15%. Post-EVAR diameter changes were not different

from pre-EVAR changes (p=NS). Stent graft placement did not significantly alter

Figure 2.
The diameter and area measurements are done which the Dynamix software (Image
Sciences Institute, Utrecht, the Netherlands). The program calculates in this picture the
diameter in 360 degrees separately based on the earlier acquired segmentation.
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mean diameter change at any of the levels (Figure 3). The intra-observer repeata-

bility coefficient was 0.42 mm and the inter-observer repeatability coefficient was

1.62 mm. Again, intra- and interobserver variability showed no significant differen-

ces within or between the observers.

Discussion

To our knowledge this is the first study utilizing a 64-slice CT-scanner (Brilliance

64, Philips Medical Systems, Best, The Netherlands) to evaluate the effect of

EVAR on the natural pulsatility of the aortic neck. This new imaging tool provides

a unique opportunity to evaluate the dynamic aortic environment into which endo-

grafts are placed. With the advent of 64-slice CT scanners, the entire abdomen

can be imaged with retrospective ECG gating during a single breathhold, provi-

ding for excellent special and temporal resolution. Reconstruction of several pha-

ses of the RR-interval yields a 4-dimensional dataset which allows for the creation

of cine loops and dynamic structural evaluation. Recent publication reports about

pulsatility measurements based on the use of dynamic MRA scanning18 There are

some disadvantages of using MRA. Well known disadvantages are noisiness and

0

100

200

300

400

500

600

anatomic levels

 a
re

a 
(m

m
2)

min
max

1 2pre prepost post

* ** *

Figure 3.
The pre and postoperative mean area are shown here. There is a significant change in the
mean area during a heart cycle at anatomic levels 1 and 2 (* p<0.001) in the pre-operative
group and post-operative group. There is no significant change between both groups.
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not every endoprothesis is compatible for MRA use19. The authors performed dy-

namic MRA on predetermined levels with significant time of scanning. We showed

shorter time of scanning and we are able to measure the pulsatility on any level of

the abdominal aorta.

The areas above and just below the renal arteries are important for adequate sea-

ling of the proximal attachment system of EVAR. Appropriate sealing is determi-

nes the success and durability. Although this study was not designed to determine

clinical outcomes secondary to pulsatility, we can speculate on the potential impli-

cations of our findings. We have shown that pulsatility continues in the aortic wall

despite the implantation of a relatively stiff and non-porus endograft. Individual

patients exhibited diameter increases of up to 15%, stressing the importance of

endograft oversizing. Risk factors for type I endoleaks are well known, and include

mural thrombus, calcification and angulated necks20. Currently, there is no evi-

dence of that these risk factors affect pulsatility. We do know that pulsatility may

be affected by clinical parameters such as blood pressure, calcification, smoking,

etc21;22.

Limitations in this study exist. There are other important levels of the aorta that we

could have measured. Certainly it would have been interesting to determine pul-
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Figure 4.
The pre and postoperative mean diameter are shown here. There is a significant change
during a heart cycle in diameter at both anatomic level 1 and 2 (* p<0.001). Again there is
no significant change in diameter between the pre-operative group and post-operative
group.
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satility within the aneurysm sac and at the level of distal sealing within the iliac ar-

teries. Future studies may be directed at these questions. We acknowledge the

potential drawback of performing measurements utilizing a two dimensional ap-

proach. It is inadequate to completely characterize complex 3D aortic movement.

Volumetric evaluation may provide a more complete analysis, but at the present

time this technology is unavailable to us. We are developing the resources requi-

red for such and endeavour.

We studied patients who underwent implantation with one of two commercially

available stent-grafts. This study was not powered to determine differences bet-

ween stent-grafts, but every reason exists to believe that differences may exist.

Various fixation systems (hooks, barbs, radial force, etc.) may result in altered for-

ces on the aortic wall and subsequent differences in pulsatility. Dynamic cine-CT

provides valuable insight into the dynamic environment into which endografts are

placed. Any differences that might exist would be interesting when contemplating

future stent-graft design. Our finding of continued motion following EVAR has im-

plications for endograft complications such as stress related stent fractures and

fabric durability.

This study introduces the feasibility of cine-CT imaging on dynamic aortic wall mo-

tion pre- and post-EVAR at the level of the aneurysm neck. Understanding the pul-

sation in this area where aortic stent-graft fixation occurs could be relevant in fu-

ture designs. The native aorta exhibits significant pulsatility and this phenomenon

is preserved after endograft implantation. Morphological changes are very com-

plex, but this study gives early insight into aortic pulsatility in the aneurysm neck.

Future studies utilizing dynamic CT to determine rupture risk, effects of different

endografts, volumetric analysis and even consequences for endograft efficacy

and durability are anticipated.
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Abstract

Purpose:

To utilize dynamic magnetic resonance angiography (MRA) to characterize aortic

stiffness (â) and elastic modulus (Ep) as indexes of wall compliance during the

cardiac cycle and determine any influence of different endograft designs or the

presence of endoleaks on these indexes.

Methods:

Eleven consecutive patients (11 men; median age 74 years, range 6378) with ab-

dominal aortic aneurysm (AAA) selected for endovascular repair were scanned

pre- and postoperatively. Aortic area and diameter during the cardiac cycle were

determined using dynamic MRA at 4 levels: 3 cm above the renal arteries, bet-

ween the renal arteries, 1 cm below the renal arteries, and at the level of maximum

aneurysm sac diameter. Ep and â were calculated. Data are presented as median

(range); p<0.05 was considered significant.

Results:

Preoperatively, Ep and â were significantly higher at the level of the aneurysm sac

compared to all other levels (p<0.05). Following EVAR, stiffness increased at this

level (p<0.05). After implantation, patients with an Excluder endograft demonstra-

ted Ep and â measurements at the aneurysm neck that were 94% and 60% higher,

respectively, compared to those with a Talent (p<0.05) endograft. The presence of

an endoleak had no effect on Ep or â.

Conclusion:

This study introduces the feasibility of dynamic MRA imagingbased calculations

of aortic elastic modulus and stiffness. AAA patients demonstrate increased Ep

and â at the level of the aneurysm sac. EVAR results in increased aneurysm sac

Ep and â. Stent-graft design seems to alter Ep and â within the aneurysm neck,

which may have consequences for endograft durability. The presence of an endo-

leak does not seem to have an effect on Ep or â.

Key words:

abdominal aortic aneurysm, endovascular repair, stent-graft, aortic compliance,

elastic modulus, stiffness, sac diameter, magnetic resonance imaging, dynamic

imaging, dynamic MRA
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Introduction

Abdominal aortic aneurysm (AAA) repair has undergone an enormous evolution

since the introduction of endovascular aneurysm repair (EVAR) nearly 2 decades

ago.1 Since that time, several well controlled clinical trials have proven the benefit

of an endovascular approach in well-selected patients.2,3 EVAR is now considered

the preferred treatment modality for many. In conjunction with physicians and in-

dustry, stent-graft design has evolved rapidly, resulting in several endovascular

devices approved for human implantation.

New treatment modalities may change the physiological paradigm, resulting in un-

foreseen dilemmas that can complicate clinical decision making. EVAR presents

choices and complications previously unknown with standard open repair. A choi-

ce of commercially available endografts and the potential complication of endo-

leaks are two ways in which this modality differs from the traditional approach.

In contrast to open repair, the aneurysm sac remains, and intrasac pressure often

persists following successful endovascular exclusion.4-7 The presence of endo-

leaks complicates matters further, with debate continuing regarding the clinical

significance of back-bleeding vessels into the aneurysm sac. Efforts are currently

underway to use implantable pressure sensors to monitor successful aneurysm

exclusion, but these methods are invasive, will likely be expensive, and have not

been validated in human trials.8-10 Earlier studies have utilized ultrasonic echo-

tracking scans in an effort to determine aortic compliance and stiffness before

and after EVAR.11,12 However, pressure from the transducer may affect distensi-

bility, and high-quality ultrasound is limited in postoperative EVAR patients be-

cause of artifacts from the stent-graft skeleton. To our knowledge, the effect of

using endografts of different design on aortic stiffness and compliance has not

been evaluated.

New dynamic imaging tools are emerging to assess pre- and postoperative aortic

dynamics. With these tools, the effect of placing endografts of varying columnar

strength and flexibility into a relatively mobile, pulsatile aortic environment can

be evaluated in an effort to improve stent-graft durability and results.

The purpose of this study was to utilize a high-resolution electrocardiographically

(ECG)-gated dynamic MRA technique to characterize aortic stiffness and elastic

modulus as indexes of wall compliance during the cardiac cycle. Pre- and postop-

erative measurements at important anatomical aortic landmarks in AAA patients

undergoing EVAR were made using two different stent-graft designs.

Methods

Eleven consecutive patients (11 men; median age 74 years, range 6378) with AAA

selected for EVAR were recruited into the study. The study design and protocol

were approved by the institutional medical ethics committee. Informed consent
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was obtained from all participants.

Preoperative sizing measurements were performed using static computed tomo-

graphic angiography (CTA). According to institutional protocol, all stent-grafts

were 20% oversized. EVAR was performed by one surgeon using the Talent (Med-

tronic Vascular, Santa Rosa, CA, USA; n=7) or Excluder (W.L. Gore & Associates,

Flagstaff, AZ, USA; n=4) stent-graft systems. All devices were implanted with the

fabric starting immediately below the lowest renal artery. Prior to discharge, stent-

graft position and appearance of endoleaks were assessed by static CTA, inclu-

ding delayed phase imaging, according to our hospital EVAR protocol.

Aortic wall distensibility, which is a surrogate measure for aortic wall complian-

ce,13 was expressed as elastic strain modulus (Ep), which was calculated as:

D
PKD

D
DD
PP

KE dias

dias

diassys

diassys
p )(

,

where K (133.3) is a constant that converts Ep from mmHg to N/m2, P is the arterial

blood pressure, and D is the aortic diameter.14 Stiffness (â), which describes the

viscoelastic behavior of the aortic wall within a physiological pressure range, was

calculated as15:

D
D

P
P dias

dias

sysln
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Measurement of the aortic diameters during the cardiac cycle was performed on

dynamic MRA data. Preoperative MRA scans were obtained on the day before or

on the same day as EVAR. Postoperative MRA scans were obtained 1 day after

surgery. All scans were performed on a 1.5-T MR scanner (Gyroscan Intera, Phi-

lips Medical Systems, Best, The Netherlands). Transverse balanced gradient

echo (bFFE) scans with retrospective ECG-gating were obtained perpendicular

to the long axis of the aorta at 4 levels: level A was 3 cm above the lowest renal

artery, level B was between the renal arteries, level C was 1 cm below the lowest

renal artery, and level D was at the level of maximum aneurysm sac diameter (Fig.

1). Images in 16 heart phases were acquired, which allowed the viewing of cine

loops showing the aortic expansion over time. The acquired voxel size was

2.10.786.0 mm3, with a field of view of 400320 mm2 using a scan percentage of

267% in the anteroposterior direction. The reconstructed voxel size was

0.780.786.0 mm3 obtained with a reconstructed matrix of 512512 pixels.

Analysis of the dynamic scans was performed using DynamiX software (Image

Sciences Institute, Utrecht, the Netherlands) as described elsewhere.16 Based
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on image grey values, aortic segmentations were automatically determined (Fig.

2). Segmentations were checked for artifacts, and if necessary, manually correct-

ed. Minimal and maximal diameters were measured along 256 axes through the

center of mass of the aortic lumen. Diastolic and systolic diameters averaged over

all axes were used for calculation of mean elastic strain modulus (Ep) and stiffness

(â) values. Blood pressure was measured with an automated brachial sphygmo-

manometer before the MR imaging session in the radiology department.

Statistical Analysis

Data are presented as median (range). Statistical analysis was performed with

SPSS, version 12.0.1 (SPSS, Chicago, IL, USA). For comparisons of values bet-

ween groups, the Mann-Whitney U test was used. For comparison of changes in

groups with paired samples (pre- versus postoperatively), the Wilcoxon signed

rank test was used. Significance was assumed at p<0.05.

Figure 1.
Levels at which transverse scans
were obtained. Level A: 3 cm
above lowest renal artery; Level B:
Between renal arteries; Level C: 1
cm below lowest renal artery; and
Level D: the level of maximum
diameter of the aneurysm sac.
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Results

Preoperative elastic modules (Ep) and stiffness (â) were highest at the level of the

aneurysms sac (Table 1). Compared to levels A, B, and C, Ep and â were signifi-

cantly higher at the level of the aneurysm sac (p<0.05 for all levels; Fig. 3). Howe-

ver, no significant differences in Ep and â values were seen between levels A, B,

and C.

One day following EVAR (Table 1), diastolic blood pressure had dropped signifi-

cantly compared to preoperative values (p<0.05), whereas systolic blood pres-

sure was not significantly decreased (p=0.09). Although stent-grafts were 20%

oversized, placement of a stent-graft did not change systolic or diastolic aortic di-

ameters at levels B, C, or D. However, at level A (3 cm above the lowest renal ar-

tery), both diameters decreased: systolic aortic diameter from 25.8 (21.928.8) to

24.5 (21.428.0) mm (p<0.05) and diastolic diameter from 24.0 (19.326.7) to 22.4

(18.225.4) mm (p<0.05). EVAR did not change Ep or â of the aortic wall at this level

(p=0.13 and p=0.67, respectively). Also at level B, Ep and â were unchanged. In

the aneurysm neck (level C), Ep decreased from 11.55 (5.2622.78) to 7.92

(4.4017.45) N/cm2 (p<0.05; Fig. 3A), whereas â did not change (p=0.29). At level

D, maximal sac diameter, Ep was not influenced by EVAR (p=0.39), while â (Fig.

3B) increased from 27.91 (23.5734.63) to 35.83 (23.5159.83; p<0.05).

Examining the data according to the stent-graft model, there were no differences

in systolic blood pressure, diastolic blood pressure, Ep, or â between the groups

before EVAR (Table 2). After EVAR, Ep and â were similar between the groups at

levels A, B, and D (Ep: p=0.65, 0.32 and 0.41, respectively; for â, p=0.65, 0.41,

and 0.41, respectively). However, in the aneurysm neck (level C) where the

stent-graft is in contact with the native aorta and sealing occurs, Ep and â were

significantly higher in patients who were treated with an Excluder stent-graft

(Fig. 4). The median Ep was 12.86 (7.9217.45) after an Excluder stent-graft ver-

sus 6.63 (4.4012.42) N/cm2 after a Talent stent-graft (p<0.05). Median â was 9.35

(6.4611.49) after an Excluder device versus 5.86 (4.109.93) after a Talent stent-

graft (p<0.05).

Static CTA before discharge showed proper stent-graft position in all patients. In

6, no endoleak was seen. Among the 5 patients with endoleak, 2 exhibited small

proximal type I endoleaks, and 3 had type II endoleaks. There were no significant

differences in Ep (Fig. 5A) or â (Fig. 5B) between those patients with and without

endoleak (Table 3).

Discussion

Wall stiffness (inversely related to wall compliance) is characterized by Ep (elastic

modulus) and â (stiffness). Our preoperative values of Ep and â, which were de-

termined using dynamic MRA, compare with previously reported values for wall
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Level A (n=11) Level B (n=11) Level C (n=11) Level D (n=10) 
Before After Before After Before After Before After

Systolic
BP,
mmHg

148
(106–
188)

128
(98–
164)

148
(106–
188)

128
(98–
164)

148
(106–
188)

128
(98–
164)

149
(106–
188)

128
(98–
164)

Diastolic
BP,
mmHg

81
(70–
100)

66†
(57–
87)

81
(70–
100)

66†
(57–
87)

81
(70–
100)

66†
(57–
87)

82 (70–
100)

66†
(57–
87)

Systolic
diameter,
mm

25.8
(21.9–
28.8)

24.5†
(21.4–
28.0)

22.3
(20.7–
26.1)

24.4
(20.8–
26.9)

23.1
(20.0–
30.3)

24.6
(20.1–
35.4)

56.5
(47.4–
71.5)

55.8
(45.9–
72.1)

Diastolic
diameter,
mm

24.0
(19.3–
26.7)

22.4†
(18.2–
25.4)

23.7
(22.7–
27.6)

22.7
(19.4–
25.3)

21.8
(18.7–
28.9)

22.2
(16.9–
33.4)

55.5
(46.5–
70.5)

54.3
(45.0–
71.0)

Ep,
N/cm2

10.17
(5.37–
17.91)

8.16
(3.72–
17.19)

13.13
(6.19–
23.09)

9.32
(5.09–
21.42)

11.55
(5.26–
22.78)

7.92†
(4.40–
17.45)

41.97*
(30.71–
58.67)

36.95
(27.94–
90.90)

6.77
(4.03–
9.73)

6.47
(3.66–
10.62)

8.19
(4.65–
13.68)

7.73
(4.79–
14.10)

8.13
(4.54–
13.50)

6.46
(4.10–
11.49)

27.91*
(23.57–
34.63)

35.83†
(23.51–
59.83)

*P<0.05 versus level A before, versus level B before, and versus level C before. 
†P<0.05 versus before endovascular repair. 

Level A (n=11) Level B (n=11) Level C (n=11) Level D (n=10) 
Talent
(n=7)

Excluder
(n=4)

Talent
(n=7)

Excluder
(n=4)

Talent
(n=7)

Excluder
(n=4)

Talent
(n=7)

Excluder
(n=4)

Systolic
BP,
mmHg

128
(115–
145)

152
(108–
164)

128
(115–
145)

152
(108–
164)

128
(115–
145)

152
(108–
164)

128
(115–
145)

152
(108–
164)

Diastolic
BP,
mmHg

65
(58–
71)

74 (57–
87)

65
(58–
71)

74 (57–
87)

65
(58–
71)

74 (57–
87)

65 (58–
71)

74 (57–
87)

Ep,
N/cm2

8.16
(3.72–
11.58)

9.27
(4.32–
17.19)

8.97
(5.76–
14.17)

14.43
(5.09–
21.42)

6.63*
(4.40–
12.42)

12.86*
(7.92–
17.45)

36.42
(29.39–
62.23)

56.46
(27.94–
90.90)

6.47
(3.66–
9.26)

6.40
(4.06–
10.62)

7.42
(5.67–
10.88)

9.73
(4.79–
14.10)

5.86*
(4.10–
9.93)

9.35*
(6.46–
11.49)

32.16
(23.51–
49.54)

37.87
(26.27–
59.83)

*P<0.05 between Talent and Excluder stent-grafts. 

Table 1.
Blood Pressure (BP), Diameter, Elastic Modulus (Ep), and Aortic Stiffness (â) Measure-
ments Before and 1 Day After Endovascular Repair

Table 2.
Comparison of Blood Pressure (BP), Elastic Modulus (Ep), and Aortic Stiffness (â) Measu-
rements After EVAR According to the Stent-Graft Model
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stress distribution, validating this as a method for Ep and â calculations.12,17 Dy-

namic MRA has theoretical benefits exceeding other imaging modalities. It is en-

tirely noninvasive in contrast to implantable pressure sensors. As opposed to ul-

trasound, dynamic MRA possesses the potential to image the aortic arch to the

femoral arteries. Aortic wall compliance can therefore be determined at any ana-

tomical level without concern for poorly accessible locations, such as the suprare-

nal aorta. The applicability of this modality could be extended to include the proxi-

mal descending aorta, another area poorly visualized by ultrasound. Dynamic

MRA reconstructions provide the added benefit of allowing compliance determi-

nations to be performed in the axis perpendicular to the flow lumen, which is not

always possible with ultrasound. The primary limitations of dynamic MRA are the

expense, limited availability, and the incompatibility of some endografts.
18

The use of dynamic MRA to determine pulsatile wall motion (PWM) of the aneu-

rysm wall before and after EVAR was first reported by Vos et al.19 in 2002. They

concluded that PWM of the aneurysm wall is negligible and may therefore not be

a potential tool to assess efficacy of EVAR. In 2003, Faries et al.20 also reported a

study in which AAA diameter changes were determined with dynamic MRA. In

contrast, they observed a difference in aneurysm pulsatility between patients with

or without endoleaks. Both studies, however, did not study the pulsatility proximal

to the aneurysm, which is the most important area for stent-graft fixation. Further-

more, they did not mention any data on compliance characteristics.

Proponents of aneurysm sac pressure monitoring suggest that aneurysm exclusi-

Level A 
(n=11)

Level B (n=11) Level C (n=11) Level D (n=10) 

Without With Without With Without With Without With
Systolic
BP,
mmHg

125
(108–
164)

140
(98–
158)

125
(108–
164)

140
(98–
158)

125
(108–
164)

140
(98–
158)

125
(108–
164)

140
(98–
158)

Diastolic
BP,
mmHg

67 (57–
87)

65
(58–
79)

67 (57–
87)

65
(58–
79)

67 (57–
87)

65
(58–
79)

67 (57–
87)

65 (58–
79)

Ep,
N/cm2

8.32
(4.32–
17.19)

7.48
(3.72–
11.06)

9.14
(5.09–
15.22)

13.64
(5.76–
21.42)

8.64
(6.37–
12.42)

6.64
(4.40–
17.45)

42.38
(27.94–
62.99)

36.95
(36.42–
90.90)

6.48
(4.06–
10.62)

5.52
(3.66–
7.28)

7.58
(4.79–
9.40)

10.06
(5.67–
14.10)

6.80
(5.49–
9.93)

5.86
(4.10–
11.49)

34.00
(23.51–
49.54)

35.83
(28.36–
59.83)

Table 3.
Comparison of Blood Pressure (BP), Elastic Modulus (Ep), and Aortic Stiffness (â) Mea-
surements After EVAR Between Patients With and Without Endoleaks
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on results in a depressurized system with decreased pulsatile wall motion,7,21,22

which is correlated to measurement of increased stiffness. However, others have

noted that sac pressure can remain elevated following successful endovascular

exclusion.23,24 We measured an increased stiffness at the level of the aneurysm

sac after EVAR, which supports the notion that the aneurysm sac is then less pres-

surized. The finding of increased sac stiffness following EVAR is intuitive, as once

the aneurysm has been excluded by an endograft, greater pulse pressure is requi-

red to cause similar sac wall pulsatility as that seen before exclusion. In other

words, the endograft is fulfilling its clinical requirement of decreasing the transmit-

ted blood pressure on the sac wall. In principle, this should result in clinical suc-

cess and prevention of rupture.

We were surprised to discover that identical Ep and â patterns are seen in the

aneurysm sac whether or not an endoleak is present. Our study included 5 pa-

tients with endoleak (2 type I and 3 type II) compared to 6 without endoleak. It is

possible that our study was not powered to detect the differences between those

patients with endoleak and those without. However, if there were a large differen-

ce, the study should have been powered to detect the effect of endoleaks on sac

wall Ep and â. Most of the endoleaks in our study were type II, which are known to

have relatively benign clinical consequences. Our results might have been diffe-

rent had most of the endoleaks been type I. Another explanation for this may be

that many more patients had (type II) endoleaks at the time of CTA, but they were

too small to detect with this imaging modality. This seems logical, as the CTAwas

done very soon after the implantation procedure (before discharge), and it is a well

recognized that the completion angiogram after EVAR shows open lumbar arteries

that will close off during the first few weeks postoperatively.25

Figure 2.
Representative preoperative images with (A) and without (B) automatically created seg-
mentation of the aorta at the level of maximum aneurysm sac diameter.
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Although neither endoleak nor EVAR resulted in changes to Ep or â within the

aneurysm neck, the design of the stent-graft did influence compliance at the level

of the neck. Comparing Gore Excluder versus Medtronic Talent, we discovered

that the Excluder device resulted in increased Ep and â at the infrarenal level ver-

sus the Talent stent-graft. This level corresponded to the aneurysm neck, the level

at which proximal sealing of the endograft in the aorta occurs. No difference was

observed at the other 3 levels (aneurysm sac, renal, and suprarenal). This does

raise interesting questions regarding stent-graft design. Undoubtedly, there are

Figure 3.
Box plots showing variations of (A)
elastic modules (Ep) and (B) stiff-
ness (â) at the 4 aortic levels before
and after EVAR. *P<0.05 pre EVAR
versus post EVAR. P<0.05 versus
the other 3 aortic levels.
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differences in both design and clinical outcomes when comparing various endo-

grafts.

One theory that might explain this detected difference relates to the two methods

of aortic fixation of these endografts. At the level in which a difference was detec-

ted, the Excluder stent-graft has proximal attachment barbs that hook into the

neck. Perhaps as the aorta expands with passage of the pressure pulse wave,

the Excluder limits the expansion of the aorta by the constraining effect of these

attachment barbs. In comparison, the Talent stent-graft uses radial force without

attachment barbs to maintain the endovascular device in proper position. The ra-

dial forces of the stent-graft, together with the radial force caused by the blood

pressure wave, may increase pulsatility, which might explain the decreased Ep

and â measurements at the aneurysm neck after EVAR with the Talent stent-graft.

This study lends support to the notion that not all endografts are created equal.

The human implantation of manufactured stent-grafts of varying columnar

strength and flexibility into the pulsatile aortic environment will have effects of va-

rying degrees. Our results indicate that these various effects can be measured

and quantified using a dynamic MRA technique. Any clinical relevance of these

measurements has yet to be determined.

A final interesting observation was that the diameter decreased significantly at the

level of the suprarenal aorta following EVAR. This decrease might be explained by

the lower postoperative blood pressure. The fact that aortic diameters did not de-

crease at the levels B and C might be explained by the presence of an oversized

stent-graft at or just below these levels.

Figure 4.
Box plot showing variations of elastic
modulus (Ep) and stiffness (â) at the
level of the aneurysm neck after
placement of Talent and Excluder
stent-grafts. *P<0.05 Talent versus
Excluder.
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Conclusion

This study introduces the feasibility of dynamic MRA imagingbased calculations

of elastic modulus and stiffness. Patients with AAAs selected for EVAR demon-

strate Ep and â that differ significantly between aortic levels and are greatest at

the level of the aneurysm sac. EVAR further increased Ep and â at the level of

the aneurysm sac. Postoperatively, Ep and â values at the level of the aneurysm

sac were unchanged by the presence or absence of endoleak. Stent-graft design

alters Ep and â at the aneurysm neck, the site of endograft sealing, which may

have serious consequences for endograft efficacy and durability.

Figure 5.
Box plots showing (A) variations of
elastic modulus (Ep) and (B) stiff-
ness (â) at the 4 anatomical levels
in patients with or without endoleak.
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Abstract

Introduction:

It is unclear what comprises natural renal artery motion per cardiac cycle in pa-

tients with AAAs, and how the implantation of stent-grafts may distort this move-

ment. We studied these phenomena dynamically using EKG-gated 64-slice CTA.

Methods:

Fifteen patients (29 renal arteries) were studied, 6 pre- and 9 post-EVAR. Pre-

EVAR scans represented normal renal artery motion in patients with aneurysms.

The post-EVAR scan was used to study the effect of endografts. Data was acqui-

red using an EKG-gated dynamic 64-slice CTscanner during a single breath hold.

Eight gated data sets, covering the cardiac cycle were reconstructed, perpendicu-

lar to the center flow lumen of each renal artery at 1.2cm and 2.4cm from aortic

attachment. Center of mass displacement was determined per cardiac cycle for

pre- and post-EVAR renal arteries. Pre- and post-EVAR renal movements were

compared using a students T-test with p=0.05 considered significant.

Results:

Normal renal artery motion in AAA patients is impressive with up to 3mm move-

ment both near and distant from the aorta (range 1.1mm3.0mm, mean 2.0mm,

SD 0.57mm). EVAR inhibits proximal renal motion resulting a 31% decrease in

maximal movement (range 0.69mm2.0mm, mean 1.4mm, SD 0.7mm)(p=0.05).

Distal renal artery motion is unaffected by EVAR with motion similar to the pre-

EVAR state.

Conclusion:

EKG-gated dynamic CTA is feasible on a 64-slice scanner with a standard radia-

tion dose and can detect potentially serious consequences of EVAR. EVAR alters

renal artery motion by limiting proximal cardiac cycle motion while leaving distal

motion unaffected.
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Introduction

The traditional pre- and post-operative sizing and measurements of endografts for

the treatment of infrarenal abdominal aortic aneurysms (AAA) have been carried

out using static contrast enhanced computerized tomography angiography

(CTA)1-4. EVAR results in substantial static changes in aneurysm and aortic morp-

hology with a reported 15% increase in neck angulation and 27% decrease in neck

length in large AAAs treated via endovascular means5. We hypothesied that morp-

hologic renal artery alterations might be observed when subjected to altered me-

chanical forces following EVAR. Utilizing dynamic CTA as a new diagnostic tool,

small renal artery changes per cardiac cycle can be recorded and measured in ad-

dition to the larger static changes of the aorta and aneurysm sac following EVAR.

The human aorta and its renal sidebranches are part of a dynamic, pulsatile envi-

ronment. Alteration in renal artery dynamics may be involved in disease states,

including intimal hyperplasia, renal artery stenosis, and atherosclerosis and have

implications for future endograft designs6, 7. Little attention has been given to re-

nal artery motion per cardiac cycle in patients with infrarenal aneurysms or the

consequences of EVAR on this motion. Recent reports are beginning to evaluate

normal renal artery motion8-10. Three-dimensional analysis of renal artery ben-

ding during respiration using contrast enhanced magnetic resonance angiogra-

phy (CE-MRA) has shown maximum displacements of 13.2 mm between inspira-

tion and expiration9. The use of breath hold techniques can minimize respiration

induced renal artery motion, but normal arterial pulsatility during the cardiac cycle

can also produce motion.

The purpose of this study was to utilize 64-slice EKG-gated cine-CT scanning to

characterize pre-operative renal artery motion in AAA patients during the cardiac

cycle. Furthermore, we evaluated the post-operative effect of EVAR on renal arte-

ry motion.

Methods

Patients were evaluated at a single institution for AAA repair. All patients were ma-

le. Indication for EVAR and determination of endograft device was made by the

surgeon. EVAR was performed by one operating surgeon. CTscans used for ana-

lysis were obtained as part of the standard pre- and post-operative evaluation pro-

tocol. Not all patients evaluated had both pre- and post-operative scans. Patients

were not subjected to additional CT scanning or radiation exposure.

Fifteen patients with 29 renal arteries were studied, six pre- and nine post-EVAR

using either the Talent (n=6) or Excluder (n=3) device. Data was acquired using an

EKG-gated dynamic 64-slice CT scanner (Philips Medical Systems, Cleveland,

OH, USA). Images were acquired during a single breath-hold phase of 20 seconds

during which the entire abdomen was imaged. The imaging protocol was set at
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1.25 mm collimation and a pitch of 0.25. Radiation exposure parameters were 120

kVp and 300 mAs, resulting in a CT dose index (CTDIvol) of 21 mGy. Intravascular

non-ionic contrast (120 ml) (Imerol 300, Schering, Berlin, Germany) followed by a

50ml of saline chaser bolus was injected at a flow rate of 4ml/s. The scan was star-

ted using bolus triggering software with a threshold of 100HU over baseline.

EKG triggered retrospective reconstructions were made at eight equidistant time

points over the R-R cardiac cycle. The data set of each patient was loaded into a

separate workstation (Extended Brilliance Workspace, Philips Medical Systems,

Cleveland, OH, USA) and processed using the cardiac review program function.

The gated data sets, covering the cardiac cycle, were reconstructed perpendicu-

lar to the center flow lumen of each renal artery at 1.2 cm and 2.4 cm from aortic

attachment (i.e. renal ostia) (Figure 1). The renal ostia served as the reference

point for the 1.2 cm and 2.4 cm measurements. The measurements were taken

in relation to the reference point at each time point during the cardiac cycle. Center

of mass (COM) was plotted on a Cartesian coordinate system and maximal COM

displacement determined per cardiac cycle for pre- and post-EVAR renal arteries.

Both pre- and post-EVAR renal movement was determined and compared using a

Students T-test with p=0.05 considered significant.

Results

Image acquisition was accomplished in all scanned patients with image quality ra-

ted as good to excellent. Renal artery motion in patients with infrarenal aneurysms

is impressive with up to 3 mm maximal movement both near and distant from the

aorta (range 1.1mm 3.0mm,mean 2.0mm, SD 0.57mm) (Figure 2). Maximal COM

displacement did not necessarily occur in the anterior-posterior or sagital plane.

Renal artery motion exists in a three dimensional (3D) environment with complex

movement and conformation changes. EVAR with suprarenal fixation significantly

inhibits proximal physiologic renal motion resulting a 31% decrease in maximal

movement (range 0.69 mm 2.0 mm, mean 1.4 mm, SD 0.7 mm)(p=0.05)(Figure

3). Distal renal artery motion is unaffected by EVAR with motion similar to the

pre-EVAR state (Figure 4). Both pre- and post-EVAR renal arteries typically exhibit

a ‘figure of eight’ direction of movement (Figure 5).

Discussion

We report pre-operative renal artery motion of 1 mm to 3 mm in proximal (1.2 cm)

and distal (2.4 cm) locations along the renal artery in patients with infrarenal aneu-

rysms. With up to 3 mm movement per cardiac cycle occurring over millions of

heart beats, it is conceivable that renal artery movement may play a causative role

in renal artery stent fractures6, 7.

Multiple authors have reported on the renal function following EVAR11-16. Although
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Figure 1.
Sagital static CTA demonstrating with lines illustrating the level at which measurements
were made on dynamic cine-CT images. Measurements were taken at 1.2 cm and 2.4
cm from the renal artery aortic origin.
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Figure 2.
Mean maximum COM displacement at 1.2 cm and 2.4 cm during the cardiac cycle in pa-
tients with AAAs prior to EVAR. There is no difference in COM movement between these
two levels (p=NS).
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our study did not examine renal function, we demonstrated that the presence of an

endograft has dynamic consequences for the renal arteries. Whether or not this

has functional implications remains unknown at this time. This preliminary study

was designed to determine if EVAR effected pre-operative renal motion and was

not powered to determine differences between stentgraft designs. Future studies

evaluating potential differences between stentgrafts are anticipated.

We have shown with our study that EVAR alters renal artery motion only at the 1.2

cm point. However, 2.4 cm from the renal artery ostium, renal artery motion is unaf-

fected by EVAR. Changes in angles, bending, and complex (3D) changes in con-

figuration are taking place. Perhaps, the presence of a relatively stiff device pla-

ced adjacent to a moving renal artery ‘pins’ the proximal renal artery, thus limiting

motion while the more distal renal artery is of sufficient distance from the endograft

to minimize its motion limiting effect. We selected 1.2 cm and 2.4 cm distances

based on previous reports and our preliminary analysis of maximal motion. We

also selected these distances because they are relevant anatomic points for fe-

nestrated and branched endografts which are emerging as complex AAA treat-

ment options.

Renal fenestrated and branched endografts typically employ renal stents less
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Figure 3.
Mean maximum COM displacement at 1.2 cm pre- and post-EVAR during the cardiac cy-
cle. There is a significant decrease in COM movement following EVAR (p<0.05).
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than 2.4 cm but greater than 1.2 cm in length17, 18. The end point of a renal stent in

these complex cases would fall somewhere between this reports’ measured dis-

tances and within a maximal area of arterial conformational change. Endografts

with stiff renal sidebranches may result in further alteration of renal artery motions.

The consequences on renal stent durability, progression or initiation of renal dis-

ease, and potential for endoleaks are unknown. However, concern is raised by this

preliminary report. This concern in strengthened by early reports of significant re-

nal insufficiency following fenestrated endografting19, 20.

In conclusion, EKG-gated dynamic CTA is feasible on a 64-slice scanner and pro-

vides insight into renal motion before and after EVAR. EVAR appears to change

renal artery movement by limiting proximal cardiac cycle renal artery motion while

leaving distal motion unaffected. Any ill consequences of these complex dynamic

renal artery changes are presently unknown, but with fenestrated and branched

procedures emerging, issues of stent durability, fixation systems, and long-term

renal artery effects should be considered.
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Figure 4.
Mean maximum COM displacement at 2.4 cm pre- and post-EVAR during the cardiac cy-
cle. There is no difference in movement at this level following EVAR (p=NS).
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Abstract

Objectives:

Endografts placed into a compliant, pulsatile aorta may alter renal artery motion.

Normal renal artery motion per heartbeat in AAA patients and how EVAR may dis-

tort this process is unknown. Furthermore, endograft configurations (fenestrated,

transrenal, infrarenal) may varyingly affect aortic sidebranch movement with pos-

sible ill consequences during clinical follow-up. These differing effects on renal

motion may be responsible for the improved renal patency following fenestrated

EVAR with sidebranch stenting versus that without. We evaluated renal artery mo-

tion using 64-slice dynamic cine-CTA before and after EVAR (fenestrated, trans-

renal, infrarenal).

Methods:

Twenty-four patients (46 renals) were studies; (16 post-, 8 pre-EVAR) via ECG-ga-

ted 64-slice CT. Eight data sets per heartbeat were reconstructed, perpendicular

to the center flow lumen of each renal (sagital plane) (1.2cm and 2.4cm from aortic

attachment). Center-of-mass displacement of the renals was determined per

heartbeat for pre-EVAR (n=8), Excluder (n=5), Talent (n=7), and Cook branched

(n=4). Differences were compared (ANOVA) with p=0.05 significant.

Results:

Pre-operative renal artery motion is significant (1.2mm, SD.5mm, range0.6-2.).

Neither transrenal nor infrarenal endografts alter renal artery motion compared

to pre-EVAR (p=NS). Renal artery motion following fenestrated EVAR with the pla-

cement of renal stents reduces motion greater than 300% (0.3mm, SD0.1,

range0.2-0.5mm)(p=0.01).

Conclusions:

ECG-gated 64-slice dynamic cine-CTA detects cardiac cycle renal artery move-

ment. Endograft implantation without stented sidebranches does not change re-

nal artery motion, potentially allowing significant movement of the renal artery re-

lative to the fenestration. Routine stenting of fenestrations limits post-operative

renal artery motion to 0.3mm, thereby preventing significant branch movement

in relation the fenestration. Limited sidebranch motion following fenestrated sten-

ting may be partially responsible for improved side vessel patency see in clinical

trials.
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Introduction

The expanding frontier of endovascular aneurysm repair (EVAR) has taken this

minimally invasive treatment modality from theory to practice in just over twenty

years1. This quickening trend, a result of patient demands and improved clinical

outcomes, seems likely to only increase in coming years2-6. The primary limitation

to conventional EVAR has been based on anatomical considerations, principally

related to a short infra-renal aneurysm neck 7-9. Fenestrated and branched EVAR

has emerged in the treatment of abdominal aortic aneurysms (AAA) presenting

with this difficult anatomy with promising technical and short-term results10-13.

The human aorta and its renal sidebranches are part of a pulsatile, dynamic arte-

rial environment, and alterations in these dynamics as a consequence of EVAR

may have a pathological effect on branch vessels in close proximity. Pre-operative

renal artery motion as a consequence of both respiration and cardiac pulsatility

can be significant with up to 2.5mm and 4.0mm respectively14-16. EVAR, in gene-

ral, appears to restrict renal artery motion when compared to the pre-operative

state16.

The technology of fenestrated and branched EVAR carries with it, a fresh set of

concerns and complications regarding the renal arteries. Does traversing and/or

placing stents in renal arteries help or hinder clinical outcomes, and howmight this

be different from standard endovascular grafts? One report from a center with ex-

pertise in this fenestrated EVAR reports a 16% incidence of adverse renal events

following fenestrated stent-grafting in patients with normal preoperative glomeru-

lar filtration rate (GFR) and up to a 39% risk of adverse renal events in patients with

preoperative renal insufficiency17. The mid-term results of fenestrated and bran-

ched EVAR are just emerging and suggest that stented renal fenestrations appear

to have a higher patency rate than unstented renal branch vessels18. It has yet to

be determined if stented renal arteries provide protection against occlusion follo-

wing fenestrated EVAR, but these reports raise concern regarding a potential

complication of fenestrated and branched EVAR.

Clinical evaluation of infrarenal and transrenal standard EVAR series failed to de-

monstrated significant renal side effects. However fenestrated stent-grafts may

result in adverse renal side effects19-24. It appears that stent-graft design (infra-

renal vs. trans-renal vs. fenestrated) may play a causative role in potential ad-

verse effects with increased complications of one versus another.

New tools are emerging to evaluate previously unknown consequences of EVAR.

Dynamic 64-slice ECG-gated cine-CT scanning is now available with temporal

and spacial resolution allowing in-vivo measurements of less than one millimetre.

The purpose of this study was to characterize potential differences between endo-

grafts (infra-renal, trans-renal, and fenestrated) on renal artery motion in AAA pa-

tients during the cardiac cycle.
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Methods

Patients were evaluated at a two institutions for AAA repair; one of which is speciali-

zing in fenestrated and branched EVAR (n=4). Pre-op, infrarenal, and transrenal pa-

tients originated from the second institution (n=20). Indication for EVAR and determi-

nation of endograft device was made by the endovascular team. EVAR was

performed by two operating surgeons; one of which is specializing in fenestrated

and branched EVAR. CT scans used for analysis were obtained as part of the stan-

dard pre- and post-operative evaluation protocol. Not all patients evaluated had both

pre- and post-operative scans. Eight patients had both pre- and post-operative scans

with an additional eight patients with only post-operative scans. Patients were not

subjected to additional CT scanning or radiation exposure.

Twenty four patients with 46 renal arteries were studied, eight pre- and sixteen

post-EVAR using an ECG-gated 64-slice CT. All eight pre-operative patients with

CT scans also underwent post-operative scanning. Eight additional post-opera-

tive scans were included. Data was acquired using an ECG-gated dynamic 64-sli-

ce CT scanner (Philips Medical Systems, Cleveland, OH, USA). Images were ac-

quired during a single breath-hold phase of 20 seconds during which the entire

abdomen was imaged. The imaging protocol was set at 1.25 mm collimation and

a pitch of 0.25. Radiation exposure parameters were 120 kVp and 300 mAs, resul-

ting in a CT dose index (CTDIvol) of 21 mGy. Intravascular non-ionic contrast (120

ml) (Imerol 300, Schering, Berlin, Germany) followed by a 50ml of saline chaser

bolus was injected at a flow rate of 4ml/s. The scan was started using bolus trigge-

ring software with a threshold of 100HU over baseline.

ECG triggered retrospective reconstructions were made at eight equidistant time

points over the R-R cardiac cycle. The data set of each patient was loaded into a

separate workstation (Extended Brilliance Workspace, Philips Medical Systems,

Cleveland, OH, USA) and processed using the cardiac review program function.

The gated data sets, covering the cardiac cycle, were reconstructed perpendicu-

lar to the center flow lumen of each renal artery (sagital plane) at 1.2 cm and 2.4 cm

from aortic attachment (i.e. renal ostia) (Figure 1). These measurement points

were selected based on preliminary work demonstrating measurable renal artery

movement at these locations. All patients underwent dynamic CT scanning for

evaluation of surgical correction of abdominal aortic aneurysms. Therefore, most

patients were taking beta blockers. The heartrates ranged from 54 to 86 bpm. The

reconstructed gated data set represents the data averaged over 20 seconds and

several heartbeats. It does not contain data for a single heartbeat.

The renal ostia served as the reference point for the 1.2 cm and 2.4 cm measure-

ments. The image field of view was approximately 10cm x 10cm centered on the

aorta. Digital zoom was used to narrow the image field of view to focus on the renal

artery and sized per preference of the operator analyzing the motion. The voxel
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anged from 0.19mm x 0.19mm x 1.0mm to 0.2mm x 0.27mm x 2.0mm.

Analysis of the dynamic scans was performed using Dynamix software (Image

Sciences Institute, Utrecht, the Netherlands). This software was developed to per-

form automated segmentation and measure changes in the center of mass at pre-

determined levels. Each segmentation was reviewed manually. The measure-

ments were taken in relation to the reference point at each time point during the

cardiac cycle. Center-of-mass displacement of the renal arteries was determined

per heartbeat for pre-EVAR (n=8), Excluder (n=5) (Gore, Flagstaff, AZ, USA), Ta-

lent (n=7) (Medtronic, Santa Rosa, CA, USA), and Cook branched(n=4)(Cook,

Bloomington, IN, USA). Differences were compared using analysis of variance

(ANOVA) with p=0.05 considered significant.

Figure 1.
Eight data sets per heartbeat
were reconstructed, perpendi-
cular to the center flow lumen of
each renal at (A.) 1.2cm and (B.)
2.4cm from the aortic attach-
ment. Center-of-mass displace-
ment of the renal arteries was
determined per heartbeat for
pre- and post-EVAR.
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Results

Image and surgical quality

Image acquisition was accomplished in all scanned patients with image quality ra-

ted as good to excellent. All patients undergoing transrenal placement using the

Talent device were confirmed to have crossing renal struts on post-operative CT.

No Talent devices were placed too low resulting in infra-renal placement. Conver-

sely, all Excluder devices were positioned below the lowest renal artery. Branched

Figure 2.
Branched devices all possessed renal stents measuring at least
2.4cm in length from the renal ostia.

C
H
A
P
T
E
R
7

92



devices all possessed renal stents measuring at least 2.4cm in length from the re-

nal ostia (Figure 2). In the early (less than three months) post-operative scan used

for analysis, no patient experienced stent fractures, endoleaks, or graft migration.

Proximal renal artery motion

Pre-operative proximal renal artery motion is significant with a maximum displace-

ment of 2.4mm (mean 1.2mm, SD 0.5mm, range 0.6-2.4mm) per cardiac cycle.

Neither transrenal (Talent) nor infrarenal (Excluder) endografts alter renal artery

motion compared to pre-EVAR (p=NS). Post-operative proximal renal artery mo-

tion in patients with an infra-renal device is statistically similar to the pre-operative

state (mean 1.0mm, SD 0.3mm, range 0.4-1.6mm). Post-operative proximal renal

artery motion in patients with a trans-renal device is also statistically similar to the

pre-operative state (mean 0.9mm, SD 0.4mm, range 0.4-1.8mm). Proximal renal

artery motion following fenestrated EVAR (Cook) with the placement of renal

Figure 3.
Pre-operative proximal renal artery motion is significant with a maximum displacement of
2.4mm (mean 1.2mm, SD 0.5mm, range 0.6-2.4mm) per cardiac cycle. Neither transre-
nal (Talent) nor infrarenal (Excluder) endografts alter renal artery motion compared to
pre-EVAR (p=NS). Proximal renal artery motion following fenestrated EVAR (Cook) with
the placement of renal stents reduces motion by greater than 300% (p=0.01).
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stents reduces motion by greater than 300% (0.3mm, SD 0.1mm, range 0.2-

0.5mm)(p=0.01) (Figure 3). Furthermore, proximal renal artery motion following

stented fenestrated EVAR is significantly less than renal artery motion following

both infra-renal and trans-renal EVAR (p=0.01). Maximal COM displacement did

not necessarily occur in the anterior-posterior or sagital plane. Renal artery mo-

tion exists in a three dimensional (3D) environment with complex movement and

conformation changes.

Distal renal artery motion

Pre-operative distal renal artery motion is even greater than proximal motion with

a maximum displacement of 4.8mm (mean 1.5mm, SD 1.1mm, range 0.5-4.8mm)

per cardiac cycle. Neither transrenal (Talent) nor infrarenal (Excluder) endografts

alter distal renal artery motion compared to pre-EVAR (p=NS). Post-operative dis-

Figure 4.
Pre-operative distal renal artery motion is even greater than proximal motion with a maxi-
mum displacement of 4.8mm (mean 1.5mm, SD 1.1mm, range 0.5-4.8mm) per cardiac
cycle. Neither transrenal (Talent) nor infrarenal (Excluder) endografts alter distal renal
artery motion compared to pre-EVAR (p=NS). Distal renal artery motion following fenes-
trated EVAR (Cook) with the placement of renal stents reduces motion by greater than
400% (p=0.01).
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tal renal artery motion in patients with an infra-renal device is statistically similar to

the pre-operative state (mean 1.1mm, SD 0.4mm, range 0.5-1.7mm). Post-opera-

tive distal renal artery motion in patients with a trans-renal device is also statisti-

cally similar to the pre-operative state (mean 1.1mm, SD 0.5mm, range 0.6-

2.2mm). Distal renal artery motion following fenestrated EVAR (Cook) with the pla-

cement of renal stents reduces motion by greater than 400% (0.3mm, SD 0.2mm,

range 0.2-0.8mm)(p=0.01) (Figure 4). Furthermore, distal renal artery motion fol-

lowing stented fenestrated EVAR is significantly less than renal artery motion fol-

lowing both infra-renal and trans-renal EVAR (p=0.01).

Qualitative video analysis

Qualitative analysis of the dynamic cine CTA loops appears to confirm the quanti-

tative findings. No obvious limitation of renal artery movement is evident in the in-

fra-renal or trans-renal systems. Inspection of the cine CTAvideo of the branched

device appears to confirm significant limitation of motion in the stented segment of

the renal artery.

Discussion

Significant time and expense have been devoted to the design and development

of successive generations of endovascular stent-grafts. Clinical studies have at-

tempted to demonstrated superior results of one versus another, often with mixed

results. Our group has published previously on the accuracy and reproducibility of

dynamic CTA for aortic pulsatility and for renal artery motion16, 25. To our know-

ledge, this is the first study using dynamic cine-CTA to detect and quantify in-vivo

differences between endografts based on their design characteristics. We have

shown that renal artery motion is affected by branched endografts, but not by

two leading standard endografts.

This study originated from the clinical observation that our unstented fenestrati-

ons had a much higher failure rate (occlusion and stenosis), than the stented

(i.e. branched) side vessels 18. Although this study was not designed to detect cli-

nical differences based on endograft design, it raises the possibility that unstented

fenestrations may have failed due to the consequence of increased motion com-

pared to stented fenestrations. Using the transrenal endografts as a control, it is

not difficult to envision center of mass movement of up to 3mm causing significant

impedance to flow via a 6 mm standard fenestration, resulting in clinical problems

such as stenosis or occlusion of side vessels. It is important to realize in this that it

is virtually impossible to align the 6mm fenestration exactly with the renal artery

orifice using 2D imaging during the procedure. There is a lack of unstented, fenes-

trated patients in this study. This lack of scans has been dictated by our clinical

practice. A rationale for performing this study on renal motion was the clinical ob-
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servation of a higher rate of renal occlusion in unstented fenestrated cases. Based

on our clinical experience, all of our patients now undergo fenestrated endovascu-

lar repair with stents. We no longer perform unstented fenestrated cases. There-

fore, we do not have access to this group of patients nor do we anticipate access in

the future. We believe that unstented fenestrated grafts are most similar to trans-

renal stent-grafts, although this is far from a perfect comparison. The increased

occlusion rate of side branches in unstented fenestrated EVAR may be due to im-

proper alignment and pre-operative measuring as well. Other groups have raised

concern regarding the deployment of stents into normal renal arteries during fe-

nestrated and branched endografting17. These concerns include the potential

for neointimal hyperplasia and stent distortion causing misalignment. Although

this study does not address these concerns directly, cine-CTA is a new tool which

could be used to evaluate these issues and potentially improve future designs. Fu-

ture studies examining clinical consequences of decreased renal motion are anti-

cipated.

There are problems related to this study. We compare four situations; 1.) pre-

EVAR, 2.) EVAR with infrarenal fixation, 3.) EVAR with transrenal fixation, 4.) and

branched EVAR. The only significant difference we discovered was in the bran-

ched devices. It is certainly possible that other small differences exist that were

not detected secondary to the resolution of the CT scanner or insufficient statisti-

cal power. Furthermore, the differences that were detected in the fenestrated

group compared to the other groups may be related to selection bias. These pa-

tients represent a different population and slightly different disease than patients

treated with standard EVAR. Different materials (metal, fabric, support systems)

are used in each of the different stent-grafts and may explain the differences in

renal motion. Perhaps it is this selection bias that contributes to the limitation of

renal motion. This study is limited by the lack of pre-operative fenestrated dynamic

imaging to definitively answer this question.

This study is limited in evaluating only the two abovementioned renal artery levels

in two dimensions. We have shown that stented fenestrated grafts result in limita-

tion of movement at the 1.2 cm and 2.4 cm measurement points. It is possible that

by stenting, one moves the fulcrum from the renal artery origin to a more distal por-

tion of the renal artery after the stent. Future studies examining renal artery motion

both within and distal to the renal stent would help answer this remaining question.

Three-dimensional movements might make the analyzed cross-sectional area in

our study move slightly out -of-plane during the cardiac cycle. Theoretically, this

could have some influences on our results.

A critical unanswered question remains. Is renal artery motion due to displace-

ment of the aorta, the kidney, the vessel itself, or some combination? Most likely

the answer would be different for different segments of the renal artery. We have
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suggested that movement of the renal arteries in relation to fenestrations on a fe-

nestrated endograft may have causative role in the clinical observation of increa-

sed renal artery patency in these patients. Whether stents secure the fenestration

in alignment with the renal artery, or pins the endograft to the renal artery remains

unknown. The present study was not designed to answer these questions, but in

the future, three-dimensional volumetric analysis and simultaneous renal artery/

aorta imaging could give further interesting results. This technique, which measu-

res simultaneous movement in all possible planes, is not yet available at our insti-

tution.

This study introduces the feasibility of cine-CTA imaging on dynamic renal artery

motion pre- and post-EVAR using three different endovascular stent-graft sys-

tems. Understanding the dynamic properties in this area could have important ef-

fects on stentgraft fixation and design. Endograft implantation without stented si-

debranches does not change renal artery motion, potentially allowing significant

movement of fenestrations relative to the renal artery. Routine stenting of fenes-

trations limits post-operative renal artery motion to 0.3mm, thereby preventing

significant branch movement in relation the fenestration. Limited sidebranch mo-

tion following fenestrated stenting may be responsible for improved side vessel

patency but the result of this in the long term remains unknown.
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Abstract

Objective:

The potentially devastating complication of total or near total thoracic endopros-

thesis collapse has been described regarding theW.L. Gore TAG device. This rare

complication has resulted in a warning to clinicians and speculation regarding the

etiology of this problem. The purpose of this report is to evaluate potential causa-

tive anatomic factors which may increase the probability of endoprosthesis col-

lapse in patients undergoing endovascular thoracic aneurysm repair (TEVAR).

Methods:

Pre- and post-operative CTscans were collected worldwide representing patients

who had experienced radiologically confirmed TAG endoprosthesis collapse

(n=6). These were compared to a matched cohort of patients with a TAG endo-

prosthesis in the same anatomical position in which no collapse occurred (n=5).

Anatomic variables (aortic arch angulation, apposition, intraluminal lip length,

proximal aortic diameter, distal aortic diameter, intra-graft aortic diameter, percent

oversizing, and angle of proximal endograft to aortic arch) were compared bet-

ween groups. Differences between groups were determined using a students t-

test with p<0.05 considered significant.

Results:

The two groups (collapse vs. no collapse) were evenly matched demographically

and all underwent endoluminal treatment with the Gore TAG device. with no diffe-

rences in gender, graft position in the aorta, operative indication, or age (p=NS).

Distal sealing zone aortic diameter (18.9 mm, SD 1.7 mm vs. 22.7 mm, SD 2.7 mm)

and minimum aortic diameter within the endograft (18.6 mm, SD 1.7 mm vs. 22.4

mm, SD 3.1 mm) predicted collapse (p<0.05). Proximal aortic diameter, apposi-

tion, intraluminal lip length, aortic arch angle, and angle of proximal endograft to

aortic arch did not predict collapse (p=NS).

Conclusion:

Thoracic endograft collapse is an exceedingly rare event. In this series, all of the

patients who experienced endoprosthesis collapse were treated outside the ma-

nufacturer’s instructions for use (IFU) regarding minimum required aortic diame-

ter. Although distal aortic diameter and minimum intra-graft aortic diameter predic-

ted collapse, other variables may also influence this complication but were not

significant due to potential type II statistical errors. In the future, caution should

be exercised when contemplating TEVAR in patients with small (<23 mm) aortic

diameters.
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Endovascular management has emerged during the last ten years as a valuable

treatment modality for thoracic aortic aneurysms (TAA) that can lessen surgical

morbidity and mortality, decrease hospital stay, and provide for improved outco-

mes in properly selected patients1-4. Thoracic endovascular aneurysm repair (TE-

VAR) has demonstrated excellent short and medium term results for degenerative

aneurysms, traumatic aneurysms, and contained traumatic aortic ruptures alike5,

6. However, endovascular procedures of the thoracic aorta are not without compli-

cations.7-10

TEVAR for the treatment of traumatic aortic rupture is particularly promising; given

the associated serious comorbidities that accompany these poly-trauma pa-

tients11, 12. Endovascular treatment of traumatic aortic rupture allows for definitive

treatment of the vascular injury without the need for bypass or thoracotomy and

reduces the recovery time that is associated with these procedures6, 13. Further-

more, many of the complications associated with TEVAR for aneurismal disease

are uncommon in the endovascular treatment of traumatic aortic rupture. Trauma-

tic patients represent a different disease process than aneurysm patients with dis-

similar anatomy, treatment considerations, and complications.

There have been concerning case reports describing the potentially devastating

complication of total or near total acute endoprosthesis collapse or infolding

using the TAG Gore system (W.L. Gore, Flagstaff, AZ, USA)14, 15. This complica-

tion is not unique to the TAG endograft, but has been observed with other brands

as well including Aneurx (Medtronic, Minneapolis, USA) and Zenith (Cook, Bloo-

mington, USA). This complication has primarily been reported in patients treated

for traumatic aortic rupture or dissection and rarely in patients treated for thoracic

aneurysms. Patients with traumatic rupture or dissection often have relatively

normal, small proximal aortas. These anatomic realities prompted us to question

whether specific anatomic factors predispose certain patients to endoprosthesis

collapse, and if a careful analysis of preoperative anatomy might minimize this

risk.

This rare complication has resulted in a warning to clinicians and speculation re-

garding the etiology of this problem. Currently, the market leader in thoracic endo-

grafts and the only United States Food and Drug Administration (FDA) approved

device is the TAG endoprosthesis manufactured byW.L. Gore. The purpose of this

report is to evaluate potential causative anatomic factors which may increase the

probability of endoprosthesis collapse in patients undergoing endovascular repair

of aortic trauma and dissection.

Methods

Indication, pre-operative sizing, choice of device, and surgical method was left so-

lely to the discretion of the operating team at each institution. Post-operative ima-
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ging and any secondary interventions were also entirely the responsibility of the

operating surgeon.

Pre- and/or post-operative imaging (CT scans) were collected from three interna-

tional sites representing patients who had experienced radiologically confirmed

TAG endoprosthesis collapse (n=6) between 2004 and 2006. Five patients with

collapse were treated for trauma and one for an aortic dissection. It is known that

collapse is not a binary phenomenon. Some degrees of infolding may compromise

seal and structural integrity, without narrowing the lumen enough to compromise

flow. In this report, TAG endoprosthesis collapse was based solely on CT imaging

and not on hemodynamic or clinical parameters. Additional patients with confir-

med collapse exist, but were unknown to us, or did not have adequate imaging

for analysis. The control group was matched for demographics and consisted of

five patients with a traumatic aortic rupture, treated with a TAG endoprosthesis

that did not show collapse from a single institution. The control institution also pro-

vided two of the patients with a confirmed endoprosthesis collapse. All patients in

the study had pre-operative sizing and post-operative collapse confirmed through

the use of CTscanning. Other imaging was used in conjunction with the CTscans

(trans esophogeal echo, chest radiography, angiography) but was not used in the

analysis of anatomic factors predicting collapse.

The original DICOM data, when available, was provided to an independent ima-

ging company (Medical Metrix Solutions (MMS), West Lebanon, NH, USA) who

performed the requested measurements (Figure 1). Two CT scans did not have

original DICOM data, and measurements on these images were performed ma-

nually using commercially available imaging software. Measurements included

aortic arch angulation, angle of endograft extending into the aortic lumen, the

length of proximal endograft not in apposition to the aortic wall (endograft lip

length), presence of motion artifact, endograft distance from the subclavian artery,

and aortic diameters perpendicular to the center lumen line at the proximal, intra-

graft, and distal landing zones (Figure 2). Statistical analysis of changes in area

and diameters were performed using a Student’s t-test for unpaired data. Signifi-

cance was assumed at p<.05. Data are expressed as mean and standard devia-

tion.

Results

Image quality was considered good to excellent in all images and satisfactory ana-

lysis was performed. The two groups (collapse vs. no collapse) were evenly mat-

ched demographically with no differences in gender or age (p=NS). Representa-

tive images of the collapsed endoprosthesis are shown (Figure 2). Dynamic cine

CTAwas available in one collapse demonstrating video evidence of the enormous

forces exerted on stents placed in the aortic arch as well as the problem of a col-

C
H
A
P
T
E
R
8

104



3/1/2007 – o/06-3928 muss diss – pag 105

Figure 1.
Measurements included aortic arch angulation(A), angle of endograft extending into the
aortic lumen (B), endograft lip length (C), confirmation of infolding (D), presence of motion
artifact, endograft distance from the subclavian artery, and aortic diameters perpendicular
to the center lumen line at the proximal, intragraft, and distal landing zones.
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lapsed graft; a very small true lumen with a blind ending false lumen (Video 1). En-

dovascular salvage [implantation of additional endoprosthesis inside collapsed

TAG (Figure 3) or ballooning (Figure 4)] were attempted in four of the six patients

who experienced collapse with varying results. In one patient, a TAG 28 x 10 was

deployed first but due to a proximal type I endoleak, a second TAG 28 x 15 was

deployed slightly more proximally. Clear infolding of the second TAG was seen

on CT imaging. To treat the infolding, a giant Palmaz stent was deployed. A CT

scan one day after the placement of the Palmaz stent showed complete infolding

of both the second TAG as well as the Palmaz stent. In a second patient, infolding

was observed on the post-operative CT scan. The patient was taken back to the

operating room for balloon angioplasty. The follow-up CT scan following balloon

angioplasty demonstrated correction of the infolding. In one patient open explant

Figure 2.
Representative images of the collapsed endoprosthesis in four patients are shown (A-D).
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Figure 3.
In one patient, attempts were made to correct the graft infolding via endovascular salvage
with the implantation of additional endoprosthesis inside a collapsed TAG. This attempt
was unsuccessful. (A) A TAG 28 x 10 was deployed first but due to a proximal type I endo-
leak, a second TAG 28 x 15 was deployed slightly more proximally. (B and C) Clear infol-
ding of the second TAG was seen on CT imaging. (D) To treat the infolding, a giant Palmaz
stent was deployed. A CT scan one day after the placement of the Palmaz stent showed
complete infolding of both the second TAG as well as the Palmaz stent.
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and repair was performed successfully. One patient declined further treatment

and is currently assymptomatic.

Of the variables compared, distal sealing zone aortic diameter (18.9 mm, SD 1.7

mm vs. 22.7 mm, SD 2.7 mm) and minimum aortic diameter within the endograft

(i.e. the pre-operative minimum aortic diameter obtained from the proximal sealing

zone to the distal sealing zone taken at 1cm increments) (18.6 mm, SD 1.7 mm vs.

22.4 mm, SD 3.1 mm) predicted collapse (p<0.05)(Table 1). Proximal aortic dia-

Figure 4.
In one patient, attempts were made to correct the graft infolding via endovascular salvage
with additional balloon angioplasty inside a collapsed TAG. This attempt was successful.
(A) Infolding was observed on the post-operative CTscan. (B) The patient was taken back
to the operating room for balloon angioplasty. (C) The follow-up CTscan following balloon
angioplasty demonstrated correction of the infolding.
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meter, apposition, intraluminal lip length, aortic arch angle, and angle of proximal

endograft to aortic arch failed to reach statistical significance and therefore did not

predict collapse (p=NS)(Table 1). No patient who experienced endograft collapse

demonstrated radiographic evidence of stent fracture or fabric tear, nor did stent-

graft migration occur. However, the one patient who underwent explantation pro-

duced a stent-graft with two rows of completely fractured stents in the place of in-

folding (Figure 6).

Figure 5.
In one patient open explant and repair was performed successfully. The explanted stent-
graft demonstrated infolding and two rows of fractured stents.
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Variable p value

Proximal aortic diameter NS

Distal aortic diameter 0.02

Smallest aortic diameter (within endograft) 0.03

Intraluminal lip length NS

Arch radius of curvature NS

Lip to arch angle NS

Complete stent-graft apposition NS

Coverage of subclavian NS

Percent oversizing NS

Variables predicting collapse are included in Table 1.

Discussion

TEVAR has been a significant advance in the treatment of thoracic aneurismal

disease; however, its use has not been without significant adverse events. In

low risk patients, up to 32% experienced at least one acute (<30 days) compli-

cation16. Procedure related mortality approaches 17% in high-risk TAA pa-

tients treated via an endovascular approach7. Specifically regarding the Gore

TAG device, spine fractures were a problem with the earlier device16. Although

resulting in minimal adverse clinical events, in the Phase II clinical trial of the

first generation Gore TAG device, up to 14% of patients experienced a fracture

of the longitudinal spine16. Consequently, the device was redesigned inclu-

ding removal of the longitudinal spine, wires made thicker and stronger, de-

ployment made faster, and fabric changed to a low permeability material. To

our knowledge, prior to these changes, no collapses of the Gore TAG device

had been reported. However, the redesigned, current device has encountered

this problem specifically in patients treated for aortic rupture or dissection, and

is the subject of this report. Although this report was not designed to answer

design characteristics leading to collapse, one can speculate that removal of

the spine resulted in decreased structural support which may have increased

the potential of collapse.

A more likely possibility is that as clinicians gain expertise and comfort with

TEVAR, the current Gore TAG device is being deployed in clinical situations

that are less than optimal. Deployment of the Gore TAG outside the instructi-

ons for use (IFU), for example in small diameter aortas, difficult aortic arches,

poor sealing zones, and in high-risk patients virtually assures increased com-

plication rates when compared to the earlier clinical trials. In this series, all of

C
H
A
P
T
E
R
8

110



3/1/2007 – o/06-3928 muss diss – pag 111

C
ol

la
ps

e
TA

G
D

ia
m

et
er

(m
m

)
P

er
ce

nt
O

ve
rs

iz
in

g 
(%

) 
Li

p 
Le

ng
th

 
(m

m
)

P
ro

xi
m

al
A

or
ta

 (m
m

) 
D

is
ta

l
A

or
ta

 (m
m

) 
R

ad
iu

s
C

ur
va

tu
re

 (c
m

) 
S

m
al

le
st

 A
or

ta
(m

m
)

1
ye

s
28

13
5

20
26

.2
20

.7
2.

2
20

.7
2

no
34

13
8

0
28

.3
25

.0
6.

0
24

.6
3

no
40

16
7

8
21

.6
21

.0
2.

2
24

.0
4

no
28

12
6

13
25

.0
22

.3
5.

4
22

.3
5

no
39

11
5

0
25

.6
25

.7
n/

a
24

.0
6

ye
s

26
13

0
18

22
.0

20
.0

3.
8

20
.0

7
ye

s
26

14
4

0
21

.0
18

.0
3.

1
18

.0
8

no
31

18
2

0
19

.0
19

.3
5.

1
17

.0
9

ye
s

31
17

5
18

14
.0

16
.0

n/
a

16
.0

10
ye

s
28

15
6

0
18

.0
20

.0
n/

a
18

.0
11

ye
s

26
14

8
0

20
.4

18
.9

2.
4

18
.9

Table 2.
Anatomic and device variables for all patients are
included in Table 2.
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the patients who experienced endoprosthesis collapse were treated outside the

manufacturer’s IFU regarding minimum required aortic diameter of 23 mm. No col-

lapse occurred in patients treated with aortic diameters of 23 mm or greater. Clea-

rly the physicians choosing to deploy the thoracic endografts outside the IFU did

so knowing that these patients were severely injured and unfit for open surgical

repair. The main issue is that the grafts used were severely oversized as they

are indicated for aneurysm patients. If smaller stent-grafts would have been avai-

lable, they would have been used.

In our experience and the experiences described in the literature, most collapses

have occurred in patients treated for traumatic aortic trauma or dissection and not

in patients with atherosclerotic aneurysms. While traumatic aortic trauma and tho-

racic dissection are certainly different disease entities, we believe that they share

some anatomic factors which may predispose to acute collapse. Specifically, they

are often located in smaller, younger aortas and often extend high into the aortic

arch. Collapses occurred when the stent-grafts were placed high in the aorta

which always included the distal portion of relatively steeply angulated arches

common in young patients, most commonly involved in trauma. Anecdotally, this

complication rarely occurs in the longer and wider aortas associated with aneuris-

mal disease. These two populations (traumatic aortic injury and dissection vs.

atherosclerotic aneurismal disease) represent two different populations with dis-

similar operative indications and post-operative complications. It is very difficult to

follow IFU sizing criteria in most dissection patients where there is often an acute

taper or narrowing of the true lumen. Based on this potentially devastating compli-

cation, many surgeons are reluctant to use the Gore TAG device in any trauma or

dissection case. Although this report assesses anatomic factors that may predict

collapse, the unique packaging and release mechanism of the Gore TAG device

may worsen the problem of infolding. The device is packaged in â furled¤ configu-

ration with inbuilt infolding. Thus, a small aorta prevents it from unfolding comple-

tely.

Although distal aortic diameter and minimum intra-graft aortic diameter predicted

collapse, other variables may also influence this complication but were not signi-

ficant due to potential type II statistical errors related to small sample size. Thora-

cic endograft collapse is an exceedingly rare event making it difficult to collect

imaging on large patient numbers. However, others have suggested, and it seems

intuitive, that factors such as poor endograft to aortic wall apositioning, acute aor-

tic arch angulation, and potentially other anatomic factors may play a causative

role in endoprosthesis collapse. Nevertheless, we believe that caution should be

exercised when these anatomic factors are present. Dynamic cine CTA scanning

illustrates the very dynamic interface between blood flow in the lumen and the in-
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ner curvature of the graft (Video 1). In this, one observes a TAG in the arch with a

significant lip protruding into the aortic lumen. Infolding seems a logical result.

Anecdotally, especially in the United States, physicians have implanted aortic ex-

tender cuffs to treat traumatic aortic ruptures. These cuffs are very short (3-4 cm in

length) and no infolding has been reported as far as we know. However, this

should not be viewed as an endorsement of this off-label use, as there are nume-

rous inherent flaws in using such short, stacked, cuffs.

Only within the last ten years have thoracic endografts been introduced into wide

scale clinical practice17, 18. Significant design modifications have already taken

place, and it seems likely that further modifications will continue in an effort to mi-

nimize complications and improve clinical outcomes. Although, this report was not

designed to determine the ideal design of future endografts, we can speculate that

future designs incorporating increased radial force, better attachment systems,

increased flexibility, pre-formed stent-graft curves, and non-circular stent-grafts

will be forthcoming.

Conclusion

Thoracic endograft collapse is an exceedingly rare event. In this series, all of the

patients who experienced endoprosthesis collapse were treated outside the ma-

nufacturer’s IFU regarding minimum required aortic diameter. Although distal aor-

tic diameter and minimum intra-graft aortic diameter predicted collapse, other va-

riables may also influence this complication but were not significant due to

potential type II statistical errors related to small sample size. In the future, caution

should be exercised when contemplating TEVAR with small (<23 mm) aortic dia-

meters when using the current design TAG endoprosthesis.
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Abstract

Objective :

Thoracic aneurysm preoperative imaging is performed using static techniques

without consideration of normal aortic dynamics. Improved understanding of the

native aortic environment into which thoracic endografts are placed may aid in de-

vice selection. It is unclear what comprises normal thoracic aortic pulsatility. We

studied these phenomena dynamically using ECG-gated 64-slice CTA.

Methods:

Maximum diameter and area change per cardiac cycle was measured at surgically

relevant anatomic thoracic landmarks in ten patients; 1.0cm proximal and distal to

the subclavian artery, 3.0cm distal to the subclavian artery, and 3.0cm proximal to

the celiac trunk. Data was acquired using a novel ECG-gated dynamic 64-slice CT

scanner during a single breath hold with a standard radiation dose and contrast

load. Eight gated data sets, covering the cardiac cycle were reconstructed, per-

pendicular to the central lumen.

Results:

There is impressive change in both maximum diameter and area in the thoracic

aorta during the cardiac cycle. Mean maximum diameter changes of greater than

10% are observed in the typical sealing zones of commercially available endo-

grafts corresponding to diameter increases of up to 5mm. Aortic area increases

by over 5% per cardiac cycle.

Conclusions:

ECG-gated dynamic CTA with standard radiation dose is feasible on a 64-slice

scanner and provides insight into (patho) physiology of thoracic aortic conforma-

tional changes. Clinicians typically oversize thoracic endografts by 10%. With aor-

tic pulsatility resulting in diameter changes of up to 17.8%, the potential exists for

endograft undersizing, graft migration, intermittent type I endoleak, and poor pa-

tient outcome. Furthermore, aortic pulsatility is not evenly distributed, and non-cir-

cular stentgraft designs should be considered in the future since aortic distension

in the aneurysm neck is not evenly distributed.
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Introduction

The introduction of thoracic endografts for the treatment of aneurysmal diseases

of the descending thoracic aorta has altered pre- and postoperative evaluation

and decision algorhythms. The decision to pursue endovascular treatment de-

mands additional information when compared to traditional open repair1-3. Pre-

cise preoperative imaging is mandatory, and surveillance protocols designed to

detect clinically significant endoleaks, graft migration, and disease extension

are essential postoperative treatment adjuncts4-5.

Complications following thoracic endovascular aneurysm repair (TEVAR) are

greater than that of abdominal endovascular aneurysm repair (EVAR), and thora-

cic endografts are at an earlier stage of development and clinical application com-

pared to their abdominal counterparts6-8. Could improved preoperative imaging

limit some of the complications that are observed following deployment of thoracic

endoprosthesis? Experience with EVAR has clearly demonstrated superior outco-

mes can be achieved only with proper preoperative patient selection9-10. Current-

ly, the vast majority of all preoperative imaging used for patient selection when

contemplating TEVAR is performed using static imaging11. The most commonly

used modality is computerized tomographic angiography (CTA)12. Irrespective

of modality, these static imaging protocols do not consider the normal aortic dyna-

mics, and may result in aortic sizing failures and subsequent graft to aorta mis-

match. Modern multislice CT scanners acquire image data at any particular level

in a fraction of a second and may represent the aortic diameter at diastole, systole,

or anywhere in between. It is currently unknown if this static imaging results in

graft undersizing An improved understanding of the native aortic environment into

which thoracic endografts are placed may aid both patient and device selection.

The purpose of this study was to utilize high resolution EKG-gated cine-CTA to

characterize normal aortic motion, during the cardiac cycle, at important thoracic

aortic anatomic landmarks for TEVAR.

Methods

We acquired an EKG-gated CTA data set on a 64-slice Philips Brilliance CT-scan-

ner (Philips Medical Systems, Best, The Netherlands) in ten consecutive patients

with abdominal aortic aneurysms (AAA) larger than 5.5 cm in diameter. Images

were acquired during a single breath-hold phase of 20 seconds during which the

entire aorta from the heart to the iliac bifurcation was imaged. The imaging proto-

col was set at 1.25 mm collimation and a pitch of 0.25. Radiation exposure para-

meters were 120 kVp and 300 mAs, resulting in a CT dose index (CTDIvol) of 21

mGy. Intravascular non-ionic contrast (120 ml) (Iopromide, Schering, Berlin, Ger-

many) followed by a 50ml of saline chaser bolus was injected at a flow rate of 4ml/

s. The scan was started using bolus triggering software with a threshold of 100HU
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over baseline. EKG triggered retrospective reconstructions were made at eight

equidistant time points over the R-R cardiac cycle.

The data set of each patient was loaded into a separate workstation (Extended

BrillianceWorkspace, Philips Medical Systems, Cleveland, OH, USA) and proces-

sed using the cardiac review program function. Pulsatility measurements were do-

ne in the axial plane, perpendicular to the central lumen line of the vessel with

computer segmentation (Figure 1). Relevant anatomic levels of the thoracic aorta

in the evaluation and follow-up of typical thoracic aneurysms and sealing zones

were selected for analysis. These anatomic levels were (Level A) 1cm proximal

to the left subclavian artery, (Level B) 1cm distal to the left subclavian artery, (Le-

vel C) 3 cm distal to the left subclavian artery, and (Level D) 3 cm proximal to the

celiac artery (Figure 2).

Analysis of the dynamic scans was performed using Dynamix software (Image

Sciences Institute, Utrecht, the Netherlands). This software was developed to per-

form automated segmentation and measure changes in area and diameter at pre-

determined aortic levels. Each segmentation was reviewed manually by two blin-

ded observers independently and in approximately 25% of the images, minor

adjustments in the segmentation for small irregularities were required. Areas and

minimum andmaximum diameter along 256 axes, equally-spaced and through the

center of mass of the aortic lumen were also calculated during cardiac cycles.

Figure 1.
CTAwith intravenous contrast demonstrates excellent image quality identifying the aortic
lumen (A). Custom designed image segmentation software determines area and diameter
changes based on this segmentation (B).
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The term pulsatility was defined as radial displacement of the aorta lumen during a

single cardiac cycle, and was calculated as the largest difference in both area and

diameter. Interobserver variability according to the method of Bland and Altman

was performed to analyse repeatability and to compare measurements by two ob-

servers.

Results

Image acquisition was accomplished successfully in all ten patients with image

quality considered excellent in all. Minor adjustments were occasionally required,

typically in less than 25% of the images when sidebranch off the aorta or signifi-

cant calcification was present. The results are summarized in Table 1.

Aortic Diameter

The maximum aortic diameter demonstrated considerable variation during the

heart cycle of approximately 10% at each anatomic level (p<0.05). Level A de-

Figure 2.
Diagram showing the four measured
thoracic aortic levels. These levels in-
cluded 1 cm proximal to the subclavian
artery, 1 cm distal to the subclavian ar-
tery, 3 cm distal to the subclavian arte-
ry, and 3 cm proximal to the celiac arte-
ry.
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monstrated a mean maximum diameter change of 9.6% (range 6.2% 12.5%, SD

2.0); Level B 10.0% (range 8.0% 12.3%, SD 1.4); Level C 11.6% (range 7.1%

17.8%, SD 3.5); and Level D 10.6% (range 8.3% 13.2%, SD 1.7) (Figure 3). This

corresponded to absolute changes of 2.7 mm (range 1.8 mm 3.4 mm, SD 0.5) at

Level A, 2.8 mm (range 2.2 mm 3.6 mm, SD 0.5) at Level B, 3.1 mm (range 2.1 mm

5.1 mm, SD 1.0) at Level C, and 2.6 mm (range 2.0 mm 3.2 mm, SD 0.4) at Level D.

The mean maximum diameter interobserver repeatibility coefficient was 1.0 mm

demonstrating no significant differences between the observers.

Table 1. 

Maximum 
diameter change 

suprasubclavian infrasubclavian 3 cm 
infrasubclavian

3 cm 
supraceliac 

mean (%) 9.6 10.0 11.6 10.6
min (%) 6.2 8.0 7.1 8.3
max (%) 12.5 12.3 17.8 13.2
SD (%) 2.0 1.4 3.5 1.7

mean (mm) 2.7 2.8 3.1 2.6
min (mm) 1.8 2.2 2.1 2.0
max (mm) 3.4 3.6 5.1 3.2
SD (mm) 0.5 0.5 1.0 0.4

suprasubclavian infrasubclavian 3 cm 
infrasubclavian

3 cm 
supraceliac 

Area change 

mean (%) 4.8 5.0 5.5 7.0
min (%) 2.7 3.9 3.0 3.2
max (%) 6.9 6.9 10.8 11.2
SD (%) 1.4 1.0 2.2 2.7

mean (mm) 33.1 33.2 36.0 37.9
min (mm) 17.6 25.3 19.9 15.6
max (mm) 45.5 48.6 75.1 64.8
SD (mm) 9.6 7.2 15.9 16.8

Table 1.
Changes in mean maximum diameter and aortic area per cardiac cycle are shown for each
of the four measured anatomic levels covering the thoracic aorta.
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Aortic Area

The change in aortic area demonstrated a similar pattern as that of maximum aor-

tic diameter change with significant pulsatility at each measured level (p<0.05).

Level A demonstrated a mean aortic change of 4.8% (range 2.7% 6.9%, SD 1.4);

Level B 5.0% (range 3.9% 6.9%, SD 1.0); Level C 5.5% (range 3.0% 10.8%, SD

2.2); and Level D 7.0% (range 3.2% 11.2%, SD 2.7) (Figure 4). This corresponded

to absolute changes of 33.1 mm2 (range 17.6 mm2 45.5 mm2, SD 9.6) at Level A,

33.2 mm2 (range 25.3 mm2 48.6 mm2, SD 7.2) at Level B, 36.0 mm2 (range 19.9

mm2 75.1 mm2, SD 15.9) at Level C, and 37.9 mm2 (range 15.6 mm2 64.8 mm2, SD

16.8) at Level D. The mean area interobserver repeatibility coefficient was 44.8

mm2 demonstrating no significant differences between the observers.

Discussion

Aortic compliance and cardiac pulsatility naturally result in conformational chan-

ges during the cardiac cycle13-16. Hemodynamic forces can be tremendous in the

thoracic position, and coupled with the acute angulations and branch points inhe-

rent in the arch and descending aorta, may result in significant variations in aortic
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Figure 3.
The maximum percentage diameter change is shown at each of the four measured levels.
Mean maximum diameter pulsatility is approximately 10% at all four levels (p<0.05). There
is no difference in pulsatility between any of the measured levels.

D
Y
N
A
M
IC
C

IN
E
-C

T
A
N
G
IO

G
R
A
P
H
Y

F
O
R

T
H
E
E
V
A
L
U
A
T
IO

N
O
F
T
H
E

123



3/1/2007 – o/06-3928 muss diss – pag 124

diameter between diastole and systole. Endograft sizing determinations based on

poor preoperative measurements may result in intermittent type I endoleaks, graft

migration, prosthesis collapse, aneurysm rupture, and poor patient outcomes.

There have been very few studies assessing normal thoracic aortic pulsatility in

patients with risk factors for aneurysm development. The location of the aortic

arch and descending aorta, confined within the rib cage and surrounded by air fil-

led lung, makes reliable ultrasound imaging with echo tracing difficult. Intravascu-

lar ultrasound (IVUS) is invasive and unlikely to be used preoperatively on a large

scale. New dynamic imaging is now becoming available to assess preoperative

aortic pulsatility at relevant anatomic landmarks used in measuring, sizing, and

planning TEVAR. An improved understanding of natural aortic pulsatility may re-

sult in improved preoperative patient and device selection for TEVAR and subse-

quent improved graft durability and patient outcome.

This study utilized dynamic cine-CTA to assess pulsatility of the thoracic aorta. By

coupling high acquisition speeds using a 64-slice scanner to an EKG trigger, we

were able to reconstruct eight images per cardiac cycle providing excellent tem-

poral and spacial resolution. Our patient population consisted of patients with

known AAAs being scanned for routine follow-up after EVAR, and all imaging
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Figure 4.
The percentage area change is shown at each of the four measured levels. Mean maxi-
mum diameter pulsatility is approximately 6% at all four levels (p<0.05). There is no diffe-
rence in pulsatility between any of the measured levels.
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was performed without additional intravenous contrast or radiation exposure. In

this feasibility study, we have demonstrated that dynamic cine-CTAcan detect sig-

nificant changes in thoracic aortic pulsatility with no added radiation or contrast

exposure.

Development of automatic software to accurately segment aortic slices and pro-

vide reproducible, reliable measurements of area and diameter, virtually elimina-

ted human error. Manual adjustments were occasionally needed when significant

aortic wall calcification was present resulting in x-ray attenuation similar to, and

adjacent to intravenous contrast. We purposefully measured aortic pulsatility

proximal or distal to branch points to avoid another problem with the segmentation

software. Segmentation performed at the level of a branch vessel is difficult with

extreme precision. The software is unable to determine were the lumen of the aor-

ta ends and the branch vessel lumen begins. It is conceivable that with further im-

provements in this software, it could be made commercially available on new CT

scanners and pulsatility measurements automatically calculated at the time of

image acquisition. These pulsatility measurements could subsequently be used

for endograft sizing.

We selected four positions along the thoracic aorta to measure pulsatility. One

centimeter proximal and distal to the subclavian artery was selected, as this is

the typical proximal sealing zone for thoracic endografts. Three centimeters proxi-

mal to the celiac artery was chosen for the same reason. This is the typical distal

sealing zone. The fourth selected position was three cm distal to the subclavian,

which is a common site for aneurysms to form. We demonstrated pulsations of up

to 17.8% at these levels. Many clinicians use a standard of 10% oversizing when

sizing endografts. Clearly an endograft oversized by 10% would be too small in an

aorta which increases its maximum diameter by 17.8% with each cardiac cycle.

However, we were limited by the two dimensional nature of our measuring system.

In the future, volumetric analysis might provide better information along a much

greater distance. At the present, this technology is not available to us

None of the patients in this feasibility study had thoracic aneurysms (TA), although

they all had large AAAs. We selected this population, because patients with known

AAA’s have similar risk factors as those who develop TAs. However, thoracic aor-

tic dynamics might be different in patients with thoracic aneurysms. Future studies

directed at aneurysm dynamics both before and after endovascular exclusion are

anticipated.

This study introduces the feasibility of cine-CTA imaging of dynamic thoracic aor-

tic motion. Patients with AAAs demonstrate changes in thoracic aortic diameter

with each heart cycle that can be imaged with excellent temporal and spatial reso-

lution using dynamic cine-CTA. The native aorta exhibits significant pulsation with

each heart cycle, and this may have serious consequences for endograft efficacy
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and durability. Future studies utilizing cine-CTA to determine rupture risk, effects

of different endografts and volumetric analysis are anticipated. The maximum aor-

tic diameter change exceeded the minimum diameter change signifying pulsatile

asymmetry. In the future, non-circular stentgraft designs may be designed for im-

proved sealing in these asymmetric thoracic aortas.
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Summary and conclusions

Introduction

Endovascular frontier

Anatomic realities of the para-renal aorta and aortic arch have limited the wides-

pread use of endovascular aneurysm repair (EVAR) in these zones.Without wides-

pread application of endovascular techniques in this area, there has been a paucity

of clinical trials supporting the use of EVAR in patients with aneurysms located in

this endovascular noman’s land.Recent studies are beginning to change this trend.

A recent evaluation of the intermediate term results of fenestrated and branched

endografts support their continued use in patients with anatomic contraindications

for standard EVAR (Chapter 2). Close surveillance is mandatory for early identifi-

cation of visceral or branched vessel stenosis and pre-occlusion. All measures of

failure appear to occur during the first year and then level off in subsequent longer

term follow-up. This includes death, secondary interventions, branch vessel pa-

tency, and complications. As the procedure matures, long-term results and rand-

omized clinical trials will ultimately be required to determine the safety, efficacy,

and stability of this system. The applicability of fenestrated and branched proce-

dures in difficult re-operative conditions has also been evaluated. A recent report

highlights the potential of fenestrated and branched technology to improve re-

operative aortic surgical outcomes (Chapter 3). Although not principally designed

for traumatic ruptures, some surgeons are using thoracic endovascular devices

‘off-label’ to treat seriously injured poly-trauma patients. Traumatic patients repre-

sent a different disease process than aneurysm patients with dissimilar anatomy,

treatment considerations, and complications. A recent report highlights the poten-

tially devastating complication of endograft infolding when using the commercially

available Gore TAG endoprosthesis in traumatic disruptions (Chapter 8).

Each advance along the endovascular frontier has resulted in the identification of

previously unknown complications. The studies in Chapters 2, 3, and 8 demon-

strated complications such as side branch occlusion, branch stent fracture, and

graft infolding. Complications such as these typically result in device re-design

in an effort to minimize newly identified problems in future patients. However, re-

design and new devices must be made on sound physical principles. The human
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body is an amazing living, breathing, pulsing environment. The development of

dynamic imaging has enabled us to just begin to understand the dynamic interplay

of man and device.

History of imaging for endovascular aortic repair

Aortic imaging is the most critical part in the work-up for aortic pathology that al-

lows for accurate diagnosis and planning for appropriate treatment. Since the first

application of contrast angiography in the late 1940’s dramatic technological ad-

vancements have led to substantial evolution of the available radiographic ima-

ging modalities1.

Current methods of surgical correction of aortic pathology were subject to signifi-

cant transformation over last 15 years when first successful application of an in-

traluminal stent graft for aneurysm exclusion was described2. Since then the use

of endoluminal stenting became vastly popular and its advantages over the open

repair in selected patients were shown in randomized trial3, 4. The concerning as-

pect of this new treatment modality is a reported higher incidence of post proce-

dure device related complication and re-intervention rates5. The pathological me-

chanisms involved in some of these processes are often not quite understood

however their adverse outcomes can potentially have devastating results. Furt-

hermore, as the endovascular frontier pushes forward with the introduction of

more complex devices (fenestrated, branched, ‘off-label’ thoracic) new complica-

tions are presenting, and some of these complications may be preventable

through improved, dynamic imaging (Chapters 2, 3, & 8).

The current standard imaging modality for EVAR is high resolution computed to-

mography and magnetic resonance imaging with 3D vascular reconstructions.

They require minimal time for anatomical data acquisition with the fastest of them

being only a few seconds, which greatly reduces patient related limitations for

images especially in older and debilitated patients unable to remain still or breath-

less for a prolonged period of time6-8. It was previously demonstrated that aorta

undergoes a significant amount of pulsatile motion during the cardiac cycle9.

One of the potential shortcomings of these new high resolution noninvasive ima-

ging modalities is the lack of adjustment for the aortic size dependant on the phase

of the cardiac cycle during which the image is being acquired. This may adversely

influence appropriate endograft sizing.

Dynamic Imaging

Dynamic MRA

Dynamic cine MR appears to be an excellent modality for studying of the dynamics

in the aortic pathology. It is capable of providing accurate information of relevant
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conformational aortic anatomy as well as may be used for functional follow up.

New MR techniques led to their increased clinical applications in the area of endo-

vascular AAA repair. For the first time Vos et al used cine MRI acquisition studies in

evaluating two dimensional pulsatile wall motion in patients with infrarenal aortic

aneurysm. Authors used the standard resolution gradient echo and high resolu-

tion (steady state precession pulse) sequence in 17 patients with image post-pro-

cessing with the ‘MASS’ software. The AAA pulsatile wall motion (PWM) was de-

termined based on the difference between the end-diastolic and peak-systolic

AAA contour at the point of greatest cross-sectional area. The 2D-PWM represen-

ted 1% change in the cross-sectional aneurismal area with the median increase of

the AAA diameter of 0.3 mm. The largest localized AAAwall displacement measu-

red 2mm. There were no differences between regular and high resolution scans.

These authors concluded that although the cine MR can delineate AAA dimension

based on the cardiac cycle the subsequent wall motion is negligible10. Significant

change in the aortic neck diameter and surface area during the cardiac cycle was

noticed by another group of researchers. They looked at three levels of the juxta-

renal aorta above, at and below the levels of renal arteries. Those changes persi-

sted after the deployment of the endograft and were as much as 22% or 4.5mm of

the surface area or diameter respectively. Interestingly deployment of the endo-

graft did not change the dimensions or the surface area of the aortic neck11.

Another quantitative evaluation of the wall motion of the AAA and the resultant

size of the aneurysm was conducted by Faries in16 patients undergoing EVAR.

Cardiac gated cine MRA and GEMS 4.0 Fiesta video image vessel analysis soft-

ware for image calculations were used. The EVAR repair resulted in decrease of

PWM of the aneurysm. It was noted that patients who developed type I endoleak

had significantly higher amplitude of the wall motion compared to those without

the leak, whereas patients with documented type II endoleak had insignificantly

increased PWM. Authors also attempted quantification of the encountered endo-

leaks but failed to do so secondary to the limitations of MR methodology12.

Determination of the aortic dynamics in the segment above the aneurysm may be

of critical importance. Continued increase in the diameter of the aortic aneurysm

neck can potentially lead to diminished endograft apposition to the aortic wall,

which can result in the development of proximal endoleak or graft slippage. Pio-

neering observations by our group from Netherlands better characterized chan-

ges in this anatomic location (Chapter 5). A gradient echo (bFFE) scans with retro-

spective ECG-gating were used and DynamiX software was applied for image

analysis. Calculations of the aortic wall distensibility and aortic wall stiffness were

performed. EVAR deployment resulted in increased stiffness of the aneurysmal

sac and decreased diameter of the aorta above the superior level of the endograft

fixation. Decreased aortic compliance was observed in the aneurysmal neck at the
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stent proximal seal zone and it was dependant on the type of the device used for

the repair. Presence of the endoleaks in patients in this study did not alter signifi-

cantly the degree of PWM change13.

Dynamic CTA

Computed tomography is currently the most frequently used study for the preope-

rative endograft sizing in patients with aortic aneurysms planned for the endovas-

cular repair14, 15. CT technology has been under a constant technological deve-

lopment making it the most frequently applied modality for advanced imaging.

Significant evolution in the CT technique since its introduction in the 1970s resul-

ted in the development of the spiral imaging with continuous data acquisition. The

most recently introduced multi-slice CT systems (MSCT) that have been found to

be excellent for vascular imaging purposes16, 17.

As previously discussed, endovascular techniques of aortic repair depend highly

on accurate measurements ensuring appropriate patient qualification and critical-

ly important precise endograft sizing, which if misjudged can lead to serious com-

plications. Our group questioned the dynamic consequence of placing a relatively

stiff endograft into a compliant, pulsatile aorta. Analysis of this effect using cine

CTA revealed that significant pre-operative dynamics do not go away following

the implantation of an endoprosthesis (Chapter 4). These principles of endovas-

cular aortic therapy are gaining even more critical clinical implications when new

fenestrated or branched grafts become widely available18-21. Various physiologi-

cal motions of human body result in significant internal organ displacement. It was

shown that kidneys can move several millimeters during respiration cycle and alt-

hough the movement of the renal arteries at the level of their takeoff from the aorta

was estimated to be ten times lesser it can result in severe, cyclic angulation of the

renal arteries22. Similarly, not a trivial amount of renal artery motion was observed

during cardiac cycle23, 24. Currently employed high-end CT scanners require ex-

tremely short time intervals for the acquisition of image data. As a result different

level slices being taken at various time points of the cardiac cycle, which in com-

bination of the physiologic vessel movement can lead to significant discrepancies

in the measurements of actuarial vessel dimensions and distances between them.

The new applications of the dynamic CT imaging with cine mode scanning were

evaluated in order to better understand those conformational changes occurring

in the aorta and its branches. Teutelink used a powerful cine MSCTand post pro-

cessing software to evaluate axial plane aortic pulsatility during the cardiac cycle

in patients with AAA. Several anatomical points from above renal arteries to the

level of common iliac arteries were selected and radial vessel wall displacement

was measured. The amount of largest change in the diameter was at the level of

the suprarenal aneurismal neck with 3.6 mm and although almost equal degree of
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pulsatility was observed in all measure points. These investigators also described

a large degree of longitudinal aortic movement however no measurements were

provided25. Similar observations were made in the thoracic segment of the non-

aneurysmal aorta (Chapter 9) 26. The largest diameter change during cardiac cy-

cle observed was on average 10% over the baseline. Same investigators noted a

significant reduction of the proximal renal artery motion after the endograft place-

ment after the treatment of infrarenal AAA (Chapters 6) 27. Similar image acquisi-

tion methods were used with a 64 slice MSCT ECG gated dynamic scanner and

processed with Extended Brilliance Workspace workstation by Philips Medical

Systems. The pre-EVAR motion of up to 3mm decreased by over 30 % after the

EVAR deployment and was only observed at close proximity to the aortic ostium

of the renal artery. The distal renal artery motion remained unaffected. These au-

thors noted that branched devices (branched vs. supra-renal fixation vs. infra-re-

nal fixation) in the renal arteries resulted in the most pronounced reduction in renal

artery motion (Chapter 7).

Cine mode MSCT similarly to dynamic MR is a proven modality for the aortic pa-

thology imaging. With the advent of new technology this type of CT may gain an

increased importance in evaluation of dynamic conformational changes before

and after the endovascular repair of aortic aneurysms. Its major drawback of ra-

diation exposure and the requirement for nephrotoxic intravenous contrast will li-

mit CT use in selected patients.

Conclusion

Novel dynamic imaging techniques that are able to characterize pulsatile wall mo-

tion of the aorta are becoming an important adjunct in the management of patients

undergoing endovascular repair of aneurysms. It was clearly demonstrated that

both dynamic cine MSCTand MR can be successfully used to determine the de-

gree of dynamic aortic size change as a function of the cardiac cycle. Currently,

existing studies evaluating clinical applications of these modalities despite their

preliminary character demonstrated a potential importance of dynamic changes

occurring in the aorta before and after endovascular treatment of aneurysms.

The true outcome studies are however not available. Both MSCT and MR were

successfully used for basic calculations and in some instances more advanced

evaluation of aortic wall mechanics. They allowed for insights on how they are in-

fluenced by the endograft deployment and clearly pointed out differences related

to the type of the stent used for the therapy. Currently, present studies do not offer

sufficient data to determine whether any of these methods will ever lead to their

routine use in the detection of endoleaks, and the need for further research in this

area is needed.

The current practice of the use of static 3D reconstructions for the planning and the

S
U
M
M
A
R
Y
A
N
D

C
O
N
C
L
U
S
IO

N
S

133



3/1/2007 – o/06-3928 muss diss – pag 134

follow-up of aortic aneurysm endograft treatment will most likely evolve and the

use of dynamic aortic imaging will continue to increase, especially in light of gro-

wing use of fenestrated or branched endografts.
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multiple manuscripts.

Dr. Ignace F.J. Tielliu, MD : Dear Ignace, I echo my sentiments above regarding

your openness to having me joining your operative endovascular team. Also,

thank you for the only dinner Su Hsien and I had in Europe without our daughter;

during the European Society for Vascular Surgery meeting in Helsinki.

Dr. Ted R. Prins, MD: Dear Ted, You set an example of cooperation and collabora-

tion between Radiology and Vascular Surgery which I have referenced countless

times since returning to the U.S. I hope someday to possess your endovascular

skills.

Dr. Koen L. Vincken, PhD: Dear Koen, Thank you for your computer wizardry. I was

privileged to be witness to your magical conversion of ideas into code and then

into results.

Dr. Lambertus W. Bartels, PhD: Dear Wilbert, It was an honour to work with you.

Nobody can match you understanding of what is possible with magnetic resonan-

ce imaging.

Joffrey van Prehn: Dear Joffrey, We succeeded in writing two articles in just two
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months, from inception to data collection and composition. I’m looking forward to

continued work together at New York University. I’ve prepared your corner office

with a commanding view of Manhattan as requested.

Dr. Arno Teutelink, MD: Dear Arno, Thank you for the data collection during many

late nights spent in the CTsuite at Utrecht University Medical Center. If it wasn’t for

you, I would have been the mechanical bull riding champ of Scheveningen

Dr. Joost A. van Herwaarden, MD, PhD: Dear ‘The Pessimist’, You are a fabulous

psychologist and an even better writer.

Professor Matthias Prokop, MD, PhD: Dear Matthias, Thank you for you expertise

in all things CT.

Dr. Rutger J. Hissink, MD: Dear Rutger, It was a pleasure sharing an office and

operating with you.

Dr. Jan M.M. Heyligers, MD, PhD: Dear Jan, Thank you for all of your help in the

publication of this thesis. I don’t know how to repay you, but hopefully taking you

out to the Iron Chef’s Morimoto in New York City is a start. I look forward to many

more nights out in cities across the world.

Susan Hora Siccama: Dear Susan, Thank you for all of the help preparing this the-

sis and arranging for my defense. Also, thank you for all of the days I ran into your

office with strange Dutch phases I needed translated.

Cobie van Veen: Dear Cobie, Thank you for helping with the preparation of this

manuscript and fixing my computer weekly. It is so frustrating attempting to set

up an internet connection with only Dutch instructions.

New York University Vascular Associates (Dr. Mark A. Adelman, MD, Dr. Patrick J.

Lamparello, MD, Dr. Thomas Maldonado, MD, Dr. Caron Rockman, MD, Dr. Glenn

Jacobowitz, MD, Dr. Neal S. Cayne, MD): Dear Partners, Thank you for all of your

training during my residency and fellowship and so readily accepting me as an

equal member of the group upon my recent return.

Yan Li Muhs, Dear Yan Li, I hope someday you are as proud of your father as he is

of you.

Dr. Su Hsien Lim, MD: You’re a fantastic mother, an amazing wife, a skilled physi-
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cian, and my best friend. Few women can do it all, but you can. I know you made

sacrifices to take a leave of absence from your training to follow me into a country

where you don’t speak the language, are far from your friends, and spend most

days raising Yan Li without the stimulation of adult interaction. As always, you

did it all with grace and class. No other man could possibly be as lucky as I.
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