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 Abdominal Aortic Aneurysm 
 
The infrarenal aorta is the most common site for aneurysmal disease. An 

abdominal aortic aneurysm (AAA) is found in approximately 4% to 8% of men over 
the age of 65. The indication for aneurysm repair is mainly prevention of rupture. 
The risk of rupture increases exponentially with increasing aneurysm diameter.1,2 
The decision for operative intervention is based upon weighing the risk of rupture 
against operative mortality and morbidity. The UK small aneurysm trial showed the 
rupture risk to outweigh the operative mortality risk when the maximum aneurysm 
diameter exceeds 55 mm.3  

 
Conventional Aneurysm Repair 

 
Several treatment methods for AAA have been suggested. The fi rst successful 

resection was performed in 1951 by Dubost, using a homograft to restore aortic 
continuity.  This evolved into replacing the aorta by a synthetic graft as propagated 
by Creech and DeBakey. This operation became the gold-standard of AAA-repair 
for decades. It requires a full laparotomy and a relatively long period of clamping 
of the aorta. Often patients are over 65-years old and have several co-morbidities. 
This results in a risk of 2-5% of dying from surgery in the fi rst month after the 
operation. 

The current method of conventional AAA repair is a well-established treatment. 
Short-term and long-term complications have been studied extensively and show 
that only a limited number of patients will be in need of re-intervention after 
conventional repair.2,4 Therefore, long-term surveillance after conventional repair 
is not considered necessary.  

 
Endovascular Aneurysm Repair 

 
In 1991, Parodi introduced a new, less-invasive method for the treatment of 

AAA.5 He thought of a way to treat AAA from within the artery using endovascular 
devices like guidewires, catheters, stents, and grafts. He hypothesized that the 
reduced operative strain would allow AAA-repair in patients unfi t for surgery. More 
than a decade later we are only beginning to learn the value of this technique and 
its place in AAA therapy.6-8 

Long-term results for the fi rst generation endovascular grafting devices, referred 
to as endografts, were shown to be disappointing.9,10 For the second and third 
generation devices results seem to be better.11-13 Endograft redesign continues to 
address mechanical problems like early metal fatigue and inadequate sealing and 
attachment to the native aortic wall resulting in graft migration. Many of these 
problems are time-dependent and for this reason patients after EVAR need to be 
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monitored for the remaining course of their life.14-19 
Often, endovascular treatment success is evaluated by secondary endpoints such 

as perioperative morbidity, Intensive Care Unit stay, hospital stay and radiological, 
image-based endpoints such as incomplete exclusion and size changes. The fi rst 
large randomized trials comparing conventional open aortic repair and endovascular 
repair have demonstrated that shortterm results are in favor of EVAR.20,21 Longterm 
results are still uncertain.14,22,23  

The trade-off between the superior shortterm results associated with mandatory 
long-term follow-up after EVAR on one hand and the higher short-term mortality 
after conventional AAA repair without the need of intense follow-up on the other 
hand is not straightforward. The mandatory lifelong follow-up and the signifi cant 
and continuous annual risk of reintervention after endovascular repair may well 
drive the ultimate decision in favor of conventional open repair.24,25  

In an attempt to address the durability issues associated with EVAR, many 
endograft design changes have been made. The most frequently used endograft 
is a bifurcated model; over 92%.26 The other endografts used have a  uni-iliac 
or tube shape. Although modifi cations like barbs, wires, hooks, and suprarenal 
fi xation have improved endograft performance,9,13,27 these changes have not solved 
all problems. Moreover, they may even generate more complex problems, as will 
be discussed below. 

 
Complications of EVAR 

 
EVAR has a number of potential fl aws leading to either graft occlusion or 

inadequate sealing of the aneurysm sac. Complications arising from graft occlusion 
are evident and generally cause immediate symptoms leading to early diagnosis 
and appropriate treatment. Inadequate sealing leads to blood fl ow outside the 
endograft in the aneurysm sac. This situation has been named ‘endoleak’, refl ecting 
the unique relationship with the endovascular graft. Although it is not really a leak 
as no blood leaves the arterial system, the blood is ‘leaking‘ into a compartment 
that was planned to be excluded from the circulation. Endoleak can result in 
increased or even systemic pressure in the aneurysm sac 28-30, and subsequently in 
continued aneurysm expansion and rupture.18 This is confi rmed by several studies, 
showing a clear correlation between the presence of an endoleak and aneurysm sac 
enlargement or even rupture.31-35 Therefore endoleak detection is an essential part 
of any EVAR follow-up program.  

In some patients aneurysm sac enlargement can be found without a detectable 
endoleak. This situation was keyed ‘endotension’ to account for the situation of 
persisting pressure that allows the sac to continue to grow.16  It is argued that 
endotension is caused by undetected endoleaks or graft porosity. Another 
explanation might be pressure transmission through thrombus.36  
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Endoleak after EVAR   
 
Because of its importance, endoleak has been described as the Achilles heel 

of EVAR.37 It is a relatively common complication after endovascular repair.38 
Endoleak is a unique for EVAR. Up to 16% incidence of endoleaks at fi rst post-
operative evaluation directly after EVAR has been reported.38 Since endoleaks 
can occur at any time, patients are generally subjected to an intense and frequent 
follow-up program. Several types of endoleaks can be recognized and classifi ed 
according to their site of infl ow into the aneurysm sac. Table 1 depicts the widely 
accepted endoleak classifi cation table. 39,40 

 
Type I endoleak Incomplete sealing at the attachment site 

Type II endoleak Backfl ow through an aortic branch into the aneurysm 

Type III endoleak Graft related endoleak; tear, disconnection, disintegration 

Type IV endoleak Graft porosity 

Table 1. Endoleak classifi cation according to White et al. 

 
Detection of Endoleak 

   
Various imaging modalities and protocols have been proposed for endoleak 

detection: Duplex ultrasound, computed tomographic angiography (CTA) and 
magnetic resonance imaging (MRI). Currently, most centers use a CTA-based follow-
up program since CT scanners are generally more accessible and CT evaluation is 
less expensive than evaluation using MRI.41 

An important disadvantage of CTA is that it is not very sensitive to endoleaks 
and therefore may miss small endoleaks.42  This relative insensitivity is caused by 
a moderate soft tissue contrast combined with moderate sensitivity for contrast 
agent. Beside this limitation, CTA has some other disadvantages: it requires the 
use of ionizing radiation, and it provides poor distinction between calcium in the 
aortic wall and metallic stent components, because both of these will give high 
signal intensity in CT images.  

The use of Duplex ultrasound eliminates the need for ionizing radiation and 
iodinated contrast agent. However, only specialized centers have reported results 
approaching the sensitivity of CTA for endoleak detection.43,44 A disadvantage of this 
imaging modality is that the obtained results are operator dependent. Furthermore, 
many patients are not amenable to ultrasound surveillance, since a marked amount 
of abdominal fat and intra-abdominal air can make Duplex evaluation impossible. 
There are studies on the use of special ultrasound contrast agents to depict lumen 
and endoleaks.45 This might increase the sensitivity of endoleak detection with use 
of ultrasound. Recent meta-analysis showed that color Duplex is less accurate than 
CTA surveillance is.46  
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Since CT evaluation still leaves us with unclarifi ed cases of aneurysm 
enlargement or stable aneurysms, there is the need for improved imaging after 
EVAR. MRI techniques have several theoretical advantages over CTA surveillance. 
MRI offers excellent and adjustable soft tissue contrast enabling evaluation of the 
aneurysm sac content. It does not make use of ionizing radiation, and the concept 
of signal weighting allows adjustment of the sensitivity for contrast agent. Another 
advantage of MRI over CTA is that calcium and metal will less easily be confused 
with contrast agent/endoleak in MR images.  

Metal artifacts pose a problem for MRI. First, ferromagnetic metal components 
can pose a safety threat to the patient in or near an MRI scanner. Because of spatial 
gradients in the strong magnetic fi eld, a marked force may be exerted on the metal 
causing it to dislocate. Furthermore, the strong static fi eld may exert a torque on 
metallic objects. The possibility of heating of tissue around the metallic components, 
due to dissipation of radiofrequency (RF) energy during scanning, might also pose 
a safety threat.47 Furthermore, metal will disturb the local magnetic fi eld, leading 
to so-called susceptibility artifacts, and may also cause RF artifacts caused by 
distortion of RF waves. Both types of artifacts may result in images which can not 
be used for diagnostic purposes. 

There have been some studies on the use of MRI and MRA in the follow-up 
after EVAR.48-50 The technical developments MRI scanners have undergone over 
the last decade have resulted in several new applications, both for diagnostic and 
interventional radiology. The implementation of faster acquisition techniques is 
one of the major developments paving the way for these applications. Modern MRI 
scanners, with fast and powerful gradient systems and parallel imaging capabilities 
are able to scan a three-dimensional (3D) volume in a few seconds. Fast serial 
acquisition of such volumes makes time resolved 3D MR angiography (MRA) a 
possibility. However, faster scan sequences result in a lower Signal-to-Noise Ratio 
(SNR). Therefore these techniques are best applied in contrast-enhanced (CE) 
MRA. 

Furthermore, since MRI offers high soft tissue contrast, differences in non-
luminal thrombus composition can be depicted. It has been shown that these 
differences correspond to histological changes taking place in the excluded aneurysm 
sac.51 This implies that MRI can be used for tracking histological changes in the 
thrombus after EVAR. Blood, thrombus with a high fl uid content and thrombus 
with a low fl uid content can be distinguished. These changes might be a refl ection 
of the effectiveness of exclusion, and may therefore provide us with new parameters 
to evaluate EVAR success. 
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Outline of this thesis 
 
Based upon the theoretical advantages of MRI and MRA techniques and the idea 

that a number of endotension cases might actually be caused by endoleaks not 
depicted by CTA, we hypothesized that (1) MRI and MRA techniques improve the 
sensitivity for endoleak; (2) the combined information of different MRI and MRA 
scans provides insight into the processes taking place in the excluded aneurysm sac; 
(3) time-resolved MRA techniques provide additional information on classifi cation 
of endoleaks.  

Since the potential role of MRI as a post-operative imaging modality in EVAR 
follow-up had not been explored in detail earlier, we evaluated several MRI acquisition 
techniques for their use in an MRI based follow-up program as described in 
Chapter 2. 

In order to address the issue of metal artifacts, seven of the most commonly 
used endografts were evaluated as to their suitability for MRI-based follow-up. This 
study is described in Chapter 3. 

In Chapters 4 and 5, the additional value of contrast-enhanced MRI and MRA 
for endoleak detection and classifi cation as compared to regular CTA evaluation 
is explored. In Chapter 4, the use of static T1-weighted imaging techniques, both 
before and after the administration of a T1-shortening contrast agent, is shown to 
give an increased sensitivity for endoleak detection. The added value of temporal 
resolution to CE-MRA for endoleak detection and classifi cation after EVAR is 
further explored in Chapter 5. 

The exact processes taking place inside the aneurysm sac after exclusion from 
blood fl ow by placement of an endoprosthesis are not well understood. Animal 
experiments including histology show that the blood excluded from the aortic 
lumen, the thrombus, is increasingly organized over time. MRI could be used to 
track and analyze the time course of thrombus organization.51 In the case of stable 
or non-shrinking aneurysms, it is important to know the etiology of non-shrinkage 
for rupture risk estimation and for treatment decisions. It has been demonstrated 
in an animal model that changes in histology over a prolonged period of time are 
an indication of aneurysm sac exclusion.52 In Chapter 6 a newly developed method 
for evaluation of thrombus organization as a parameter for follow-up after EVAR 
is explored. This method involves the classifi cation of voxels based upon their 
relative signal intensity using manually set thresholds. Voxels are classifi ed into 
tree groups; endoleak, fresh thrombus and old thrombus. The presented study 
demonstrates that new parameters describing aneurysm sac contents may provide 
additional information in EVAR follow-up. 

In Chapter 7 an overview of all pre- and postprocedural imaging options for 
EVAR is presented. 

 



16

References 
 
 1.  Lederle FA, Johnson GR, Wilson SE, Ballard DJ, Jordan WD, Jr., Blebea J, 

Littooy FN, Freischlag JA, Bandyk D, Rapp JH, Salam AA. Rupture rate of 
large abdominal aortic aneurysms in patients refusing or unfi t for elective 
repair. JAMA 2002; 287:2968-2972. 

 2. Lederle FA, Wilson SE, Johnson GR, Reinke DB, Littooy FN, Acher CW, Ballard 
DJ, Messina LM, Gordon IL, Chute EP, Krupski WC, Busuttil SJ, Barone GW, 
Sparks S, Graham LM, Rapp JH, Makaroun MS, Moneta GL, Cambria RA, 
Makhoul RG, Eton D, Ansel HJ, Freischlag JA, Bandyk D. Immediate repair 
compared with surveillance of small abdominal aortic aneurysms. N Engl J 
Med 2002; 346:1437-1444. 

 3. Greenhalgh RM, Forbes JF, Fowkes FG, Powel JT, Ruckley CV, Brady AR, Brown 
LC, Thompson SG. Early elective open surgical repair of small abdominal 
aortic aneurysms is not recommended: results of the UK Small Aneurysm 
Trial. Steering Committee. Eur J Vasc Endovasc Surg 1998; 16:462-464. 

 4. Brady AR, Fowkes FG, Greenhalgh RM, Powell JT, Ruckley CV, Thompson 
SG. Risk factors for postoperative death following elective surgical repair of 
abdominal aortic aneurysm: results from the UK Small Aneurysm Trial. On 
behalf of the UK Small Aneurysm Trial participants. Br J Surg 2000; 87:742-
749. 

 5. Parodi JC, Palmaz JC, Barone HD. Transfemoral intraluminal graft 
implantation for abdominal aortic aneurysms. Ann Vasc Surg 1991; 5:491-
499. 

 6. Greenhalgh RM, Brown LC, Kwong GP, Powell JT, Thompson SG. Comparison 
of endovascular aneurysm repair with open repair in patients with abdominal 
aortic aneurysm (EVAR trial 1), 30-day operative mortality results: randomised 
controlled trial. Lancet 2004; 364:843-848. 

 7. Endovascular aneurysm repair and outcome in patients unfi t for open repair 
of abdominal aortic aneurysm (EVAR trial 2): randomised controlled trial. 
Lancet 2005; 365:2187-2192. 

 8. Blankensteijn JD, de Jong SE, Prinssen M, van der Ham AC, Buth J, van 
Sterkenburg SM, Verhagen HJ, Buskens E, Grobbee DE. Two-year outcomes 
after conventional or endovascular repair of abdominal aortic aneurysms. N 
Engl J Med 2005; 352:2398-2405. 

 9. Guidoin R, Marois Y, Douville Y, King MW, Castonguay M, Traore A, Formichi 
M, Staxrud LE, Norgren L, Bergeron P, Becquemin JP, Egana JM, Harris PL. 
First-generation aortic endografts: analysis of explanted Stentor devices from 
the EUROSTAR Registry. J Endovasc Ther 2000; 7:105-122. 

 



17

 10. Heintz C, Riepe G, Birken L, Kaiser E, Chakfe N, Morlock M, Delling G, 
Imig H. Corroded nitinol wires in explanted aortic endografts: an important 
mechanism of failure? J Endovasc Ther 2001; 8:248-253. 

 11. Chuter TA. The choice of stent-graft for endovascular repair of abdominal 
aortic aneurysm. J Cardiovasc Surg (Torino) 2000; 44:519-525. 

 12. Fogarty TJ, Arko FR, Zarins CK. Endograft technology: highlights of the past 
10 years. J Endovasc Ther 2004; 11 Suppl 2:II192-II199. 

 13. May J, White GH, Waugh R, Ly CN, Stephen MS, Jones MA, Harris JP. 
Improved survival after endoluminal repair with second-generation prostheses 
compared with open repair in the treatment of abdominal aortic aneurysms: a 
5-year concurrent comparison using life table method. J Vasc Surg 2001; 33:
S21-S26. 

 14. Brewster DC, Jones JE, Chung TK, Lamuraglia GM, Kwolek CJ, Watkins MT, 
Hodgman TM, Cambria RP. Long-term outcomes after endovascular abdominal 
aortic aneurysm repair: the fi rst decade. Ann Surg 2006; 244:426-438. 

 15. Buth J, Harris PL, van MC. Causes and outcomes of open conversion and 
aneurysm rupture after endovascular abdominal aortic aneurysm repair: can 
type II endoleaks be dangerous? J Am Coll Surg 2002; 194:S98-102. 

 16. Gilling-Smith G, Brennan J, Harris P, Bakran A, Gould D, McWilliams R. 
Endotension after endovascular aneurysm repair: defi nition, classifi cation, 
and strategies for surveillance and intervention. J Endovasc Surg 1999; 
6:305-307. 

 17. Harris P, Brennan J, Martin J, Gould D, Bakran A, Gilling-Smith G, Buth J, 
Gevers E, White D. Longitudinal aneurysm shrinkage following endovascular 
aortic aneurysm repair: a source of intermediate and late complications. J 
Endovasc Surg 1999; 6:11-16. 

 18. Harris PL, Vallabhaneni SR, Desgranges P, Becquemin JP, van Marrewijk C, 
Laheij RJ. Incidence and risk factors of late rupture, conversion, and death 
after endovascular repair of infrarenal aortic aneurysms: the EUROSTAR 
experience. European Collaborators on Stent/graft techniques for aortic 
aneurysm repair. J Vasc Surg 2000; 32:739-749. 

 19. Laheij RJ, Buth J, Harris PL, Moll FL, Stelter WJ, Verhoeven EL. Need for 
secondary interventions after endovascular repair of abdominal aortic 
aneurysms. Intermediate-term follow-up results of a European collaborative 
registry (EUROSTAR). Br J Surg 2000; 87:1666-1673. 

 20. EVAR trial participants. Endovascular aneurysm repair versus open repair 
in patients with abdominal aortic aneurysm (EVAR trial 1): randomised 
controlled trial. Lancet 2005; 365:2179-2186. 

 



18

 21. Prinssen M, Verhoeven EL, Buth J, Cuypers PW, van Sambeek MR, Balm R, 
Buskens E, Grobbee DE, Blankensteijn JD. A randomized trial comparing 
conventional and endovascular repair of abdominal aortic aneurysms. N Engl 
J Med 2004; 351:1607-1618. 

 22. May J, White GH, Stephen MS, Harris JP. Rupture of abdominal aortic 
aneurysm: concurrent comparison of outcome of those occurring after 
endovascular repair versus those occurring without previous treatment in an 
11-year single-center experience. J Vasc Surg 2004; 40:860-866. 

 23. Cao P, Verzini F, Parlani G, Romano L, De Rango P, Pagliuca V, Iacono G. 
Clinical effect of abdominal aortic aneurysm endografting: 7-year concurrent 
comparison with open repair. J Vasc Surg 2004; 40:841-848. 

 24. Prinssen M, Buskens E, Blankensteijn JD. The Dutch Randomised 
Endovascular Aneurysm Management (DREAM) trial. Background, design 
and methods. J Cardiovasc Surg (Torino) 2002; 43:379-384. 

 25. Prinssen M, Buskens E, Blankensteijn JD. Quality of life endovascular and 
open AAA repair. Results of a randomised trial. Eur J Vasc Endovasc Surg 
2004; 27:121-127. 

 26. Ruppert V, Leurs LJ, Steckmeier B, Buth J, Umscheid T. Infl uence of anesthesia 
type on outcome after endovascular aortic aneurysm repair: an analysis based 
on EUROSTAR data. J Vasc Surg 2006; 44:16-21. 

 27. Abel DB, Beebe HG, Dedashtian MM, Morton MC, Moynahan M, Smith LJ, 
Weinberg SL. Preclinical testing for aortic endovascular grafts: results of a 
Food and Drug Administration workshop. J Vasc Surg 2002; 35:1022-1028. 

 28. Baum RA, Carpenter JP, Cope C, Golden MA, Velazquez OC, Neschis DG, 
Mitchell ME, Barker CF, Fairman RM. Aneurysm sac pressure measurements 
after endovascular repair of abdominal aortic aneurysms. J Vasc Surg 2001; 
33:32-41.

 29. Chuter T, Ivancev K, Malina M, Resch T, Brunkwall J, Lindblad B, Risberg B. 
Aneurysm pressure following endovascular exclusion. Eur J Vasc Endovasc 
Surg 1997; 13:85-87. 

 30. Ellozy SH, Carroccio A, Lookstein RA, Minor ME, Sheahan CM, Juta J, 
Cha A, Valenzuela R, Addis MD, Jacobs TS, Teodorescu VJ, Marin ML. 
First experience in human beings with a permanently implantable intrasac 
pressure transducer for monitoring endovascular repair of abdominal aortic 
aneurysms. J Vasc Surg 2004; 40:405-412. 

 31. Arko FR, Filis KA, Hill BB, Fogarty TJ, Zarins CK. Morphologic changes 
and outcome following endovascular abdominal aortic aneurysm repair as a 
function of aneurysm size. Arch Surg 2003; 138:651-655. 

 32. Bernhard VM, Mitchell RS, Matsumura JS, Brewster DC, Decker M, 
Lamparello P, Raithel D, Collin J. Ruptured abdominal aortic aneurysm after 
endovascular repair. J Vasc Surg 2002; 35:1155-1162. 



19

 33. Buth J, Harris PL, van Marrewijk C, Fransen G. Endoleaks during follow-
up after endovascular repair of abdominal aortic aneurysm. Are they all 
dangerous? J Cardiovasc Surg (Torino) 2000; 44:559-566. 

 34. van Marrewijk C, Buth J, Harris PL, Norgren L, Nevelsteen A, Wyatt MG. 
Signifi cance of endoleaks after endovascular repair of abdominal aortic 
aneurysms: The EUROSTAR experience. J Vasc Surg 2002; 35:461-473.

 35. Zarins CK, Wolf YG, Lee WA, Hill BB, Olcott C, IV, Harris EJ, Dalman RL, 
Fogarty TJ. Will endovascular repair replace open surgery for abdominal 
aortic aneurysm repair? Ann Surg 2000; 232:501-507. 

 36. White GH, May J, Petrasek P, Waugh R, Stephen M, Harris J. Endotension: an 
explanation for continued AAA growth after successful endoluminal repair. J 
Endovasc Surg 1999; 6:308-315. 

 37. Pacanowski JP, Jr., Dieter RS, Stevens SL, Freeman MB, Goldman MH. 
Endoleak: the achilles heel of endovascular abdominal aortic aneurysm 
exclusion--a case report. WMJ 2002; 101:57-8, 63. 

 38. Buth J, Laheij RJ. Early complications and endoleaks after endovascular 
abdominal aortic aneurysm repair: report of a multicenter study. J Vasc Surg 
2000; 31:134-146. 

 39. White GH, Yu W, May J, Chaufour X, Stephen MS. Endoleak as a complication 
of endoluminal grafting of abdominal aortic aneurysms: classifi cation, 
incidence, diagnosis, and management. J Endovasc Surg 1997; 4:152-168. 

 40. White GH, May J, Waugh RC, Chaufour X, Yu W. Type III and type IV endoleak: 
toward a complete defi nition of blood fl ow in the sac after endoluminal AAA 
repair. J Endovasc Surg 1998; 5:305-309. 

 41. Fillinger MF. Postoperative imaging after endovascular AAA repair. Semin Vasc 
Surg 1999; 12:327-338. 

 42. Rozenblit AM, Patlas M, Rosenbaum AT, Okhi T, Veith FJ, Laks MP, Ricci 
ZJ. Detection of endoleaks after endovascular repair of abdominal aortic 
aneurysm: value of unenhanced and delayed helical CT acquisitions. Radiology 
2003; 227:426-433. 

 43. Fletcher J, Saker K, Batiste P, Dyer S. Colour Doppler diagnosis of perigraft 
fl ow following endovascular repair of abdominal aortic aneurysm. Int Angiol 
2000; 19:326-330. 

 44. Johnson BL, Dalman RL. Duplex surveillance of abdominal aortic stent grafts. 
Semin Vasc Surg 2001; 14:227-232. 

 45. Bendick PJ, Bove PG, Long GW, Zelenock GB, Brown OW, Shanley CJ. Effi cacy 
of ultrasound scan contrast agents in the noninvasive follow-up of aortic stent 
grafts. J Vasc Surg 2003; 37:381-385. 

 



20

  46. Sun Z. Diagnostic value of color duplex ultrasonography in the follow-up of 
endovascular repair of abdominal aortic aneurysm. J Vasc Interv Radiol 2006; 
17:759-764. 

 47. Konings MK, Bartels LW, Smits HF, Bakker CJ. Heating around intravascular 
guidewires by resonating RF waves. J Magn Reson Imaging 2000; 12:79-85.



21

 48. Cejna M, Loewe C, Schoder M, Dirisamer A, Holzenbein T, Kretschmer G, 
Lammer J, Thurnher S. MR angiography vs CT angiography in the follow-up 
of nitinol stent grafts in endoluminally treated aortic aneurysms. Eur Radiol 
2002; 12:2443-2450. 

 49. Haulon S, Lions C, McFadden EP, Koussa M, Gaxotte V, Halna P, Beregi JP. 
Prospective evaluation of magnetic resonance imaging after endovascular 
treatment of infrarenal aortic aneurysms. Eur J Vasc Endovasc Surg 2001; 
22:62-69. 

 50. Haulon S, Willoteaux S, Koussa M, Gaxotte V, Beregi JP, Warembourg H. 
Diagnosis and treatment of type II endoleak after stent placement for exclusion 
of an abdominal aortic aneurysm. Ann Vasc Surg 2001; 15:148-154.

 51. Castrucci M, Mellone R, Vanzulli A, De Gaspari A, Castellano R, Astore 
D, Chiesa R, Grossi A, Del Maschio. Mural Trombui in Abdominal Aortic 
Aneurysms: MR Imaging Characterization-Useful before Endovascular 
Treatment. Radiology 197, 135-139. 1995.  

 52. Pitton MB, Schmenger RP, Neufang A, Konerding MA, Duber C, Thelen M. 
Endovascular aneurysm repair: Magnetic resonance monitoring of histological 
organization processes in the excluded aneurysm. Circulation 2002;105:1995-
1999. 

Chapter 2
MRI-Techniques Enhance Image-based 

follow-up after Endovascular Abdominal 
Aortic Aneurysm Repair



22

 



23

Abstract 
 
Aim: In order to decrease radiation and contrast load and to improve patient 

follow-up, we evaluated different MRI and MRA techniques for post-operative 
assessment of endovascularly treated AAA patients so as to fi nd an optimal protocol 
for MRI based follow-up.  

 
Materials & Methods: Twenty-eight patients, between 2 days and 54 months 

after EVAR, were evaluated with both CT and MRI. Twenty-fi ve patients had an 
Ancure graft and the other three had an Excluder. Seven different MRI sequences 
were evaluated in patients after EVAR for their use in the endovascular follow-up 
program: T1-weighted SE, T2-weigthed TSE, balanced FFE, dynamic 3D CE MRA, 
3D CE-MRA, post-contrast T1-weighted spin echo and high resolution T1-weighted 
SE. Fifteen patients who were treated with an Ancure graft (Guidant, Menlo Park, 
CA, USA) and three patients with an Excluder (W.L. Gore, Flagstaff, AZ, USA) were 
scanned.  

Scans were evaluated for their value for: detection and classifi cation of endoleaks, 
morphological assessment of the aneurysm sac and the endograft, and assessment 
of thrombus organization. 

 
Results: The comparison of T1-weighted SE scans before and after contrast 

agent administration was found to be very apt for endoleak detection. Combining 
the T1-weighted with the T2-weighted scan is useful for the evaluation of thrombus 
in the aneurysm sac. The balanced FFE sequence is useful for analysis of aneurysm 
sac morphology. Dynamic 3D CE MRA scanning can provide information for 
endoleak classifi cation. Non-dynamic CE MRA is well suited for endoleak detection 
and classifi cation but for depiction of the aortic and graft lumen as well. The high 
resolution T1-weighted SE is useful for endoleak detection and analysis of aneurysm 
sac morphology. 

 
Conclusion: An adequate MRI-based evaluation of patients after EVAR must 

consist of several different MRI-acquisitions in order to obtain all the necessary 
information for the EVAR follow-up.  A protocol providing similar information as 
obtained with CTA based follow-up must consist at least of a T1-weighted SE before 
contrast enhancement, a non-dynamic CE MRA and a T1-weighted SE after contrast 
enhancement. MRI holds great promise to provide additional. 
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Introduction 
 
After endovascular abdominal aortic aneurysm repair (EVAR), patients need to 

be followed for life because outcome and long term durability of this treatment are 
still uncertain.1-4 Currently, most centers use computed tomography angiography 
(CTA) for follow-up after EVAR.5-7 The presence of endoleaks, size and type of 
endoleak (I, II, III, IV), sac size changes, and graft patency are important aspects 
that can be monitored using CTA.8,9 On the downside, endoleak detection can be 
diffi cult using CTA. Even when using highly sophisticated, dedicated CTA protocols, 
endoleaks can be missed.10  Aneurysm shrinkage after EVAR is believed to be 
indicative for successful AAA exclusion.11-14 Moreover, a growing aneurysm sac after 
EVAR without a detectable endoleak on CTA or conventional angiography, which is 
referred to as endotension, has become a frequent observation.10,15 In some of these 
cases, a hygroma-like process has been suggested.16 Another, explanation is that in 
many of these cases imaging has not been sensitive enough to detect the endoleak.  

If an endoleak is detected on CTA, Digital Subtraction Angiography (DSA) can 
be performed for classifi cation of the endoleak and if possible to treat it with use of 
catheter-based techniques. However, DSA is mainly reserved for specifi c cases and 
cannot be used routinely for surveillance because of its invasive nature. 

The evaluation of sac size change, by diameter or volume measurements, can 
be diffi cult on CTA as well. The moderate soft tissue contrast does not always 
allow an accurate demarcation of the aneurysm wall, especially in infl ammatory 
aneurysms. Volume measurements, have been shown to be more sensitive to size 
change than diameter measurements.13 Volumes derived from manual segmentation 
of the CTA data are labour intensive. A dedicated MRI protocol might facilitate the 
segmentation process because of the high soft tissue contrast and make automated 
segmentation possible.17 

Magnetic Resonance Imaging (MRI) might be more appropriate for follow-up 
after EVAR than CTA because of its excellent soft tissue contrast, its inherent 
three-dimensionality, and its high sensitivity to gadolinium-based T1-shortening 
contrast agent. Furthermore, recent developments in MRI hardware and software, 
such as sensitivity encoding (SENSE) and ultra-fast gradient systems, have made 
fast dynamic scanning possible. These techniques have the potential to depict the 
contrast dynamics in and around the aneurysm sac in 3D and might therefore be 
of use for determining the origin of an endoleak and for assessment of endograft 
patency. The absence of ionizing radiation and the ability to use a non-nephrotoxic 
contrast agent give MRI an additional advantage over CTA for EVAR follow up.18-20 
The serial CTA follow-up results in a potentially accumulated radiation dose and 
repeated exposure to the nephrotoxic contrast agent.  

In addition, MRI can be used to detect local variations in thrombus organization 
using T1- and T2-weighted images as described by Castrucci et al.21 Hygroma-like 
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processes which can also be present in the aneurysm could be revealed in this way 
as well.16 MRI techniques have already been used for EVAR follow-up and have been 
shown to be extremely sensitive to endoleak detection.19,20 However no dedicated 
MRI imaging protocol for EVAR follow-up has been developed. 

In this review the potential role of MRI as a post-operative imaging modality in 
EVAR follow-up is explored. Differences between and potential advantages of various 
MRI-acquisitions will be discussed. Detection and classifi cation of endoleaks, the 
assessment of morphological parameters like; volume, area and diameter, of the 
aneurysm sac and the endograft, assessment of thrombus organization and imaging 
artifacts due to the metal support frame of the grafts will be addressed.  

 
Materials & Methods 

 
Patients 

In the period between March 2001 and March 2003, 28 patients randomly 
selected out of our EVAR follow-up program were included in the study. This group 
consisted of 26 males and two females with a mean age of 75 years (range 58-87). 
These patients were scanned using CTA and with our MRI protocol including the 
added dynamic CE-MRA scan.  Three patients had an Excluder endograft (Gore, 
Flagstaff, AZ, USA) and 25 had an Ancure endograft (EVT, Menlo Park CA, USA). 
Institutional review board approval was obtained and all included patients signed 
an informed consent form. Patients were between 2 days and 65 month (mean 30 
months) after EVAR at the moment of examination. The time between the CT and 
the MRI exam was minimized and was not allowed to exceed one month. 

 
MRI Acquisition Techniques 

The value of the combination of a T1-weighted SE, a T2-weighted TSE, an MRA 
and a repeated T1-weighted SE scans has already been demonstrated.19,22,23 Our 
clinical protocol has expanded further and consists now of sixth scans. 

MRI scans were performed on a clinical 1.5-T scanner (Gyroscan NT, Philips 
Medical Systems, Best, The Netherlands). A quadrature wrap-around synergy body 
coil was used as a receive coil. The following MRI scans were evaluated for their 
value in the EVAR follow-up:  

All examinations started with localizer scans. A reference scan for parallel 
imaging (SENSE) was acquired after which the following diagnostic scans were 
acquired: 
 1. Transverse T1-weighted spin echo (SE): repetition time (TR)/ echo time (TE)/ 

fl ip angle (α)= 580 ms/ 14 ms/ 90°, slice thickness 6.0-mm, FOV 270x385mm2, 
acquisition matrix 179x256. 30 slices. Total acquisition time: 2.30 min. A 
coronal saturation slab is placed over the ventral abdominal wall in order to 
suppress ghosting artifacts due to respiratory motion. 
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 2. Transverse T2-weigthed turbo spin echo (TSE): TR/TE/α= 6146 ms/ 100ms/ 
90°, slice thickness 6.0-mm, FOV 270x385 mm2, Matrix 179x256, TSE factor 
17. 30 slices. Total acquisition time: 2.21 min. An identical saturation slab as 
in the previous scan is used. This scan uses exactly the same geometry as scan 
1. 

 3. Transverse Balanced Fast Field Echo (BFFE) using SENSE factor 2: TR/TE/
α= 4.0/2.0/50, slice thickness 4.0 mm reconstructed into 2-mm slices, FOV 
272x340 mm2, matrix 205x192 reconstructed to 410x512. 75 slices. Total 
acquisition time 1.55 min. 

 4. Coronal Dynamic 3D Contrast Enhanced (CE)-MRA using SENSE factor 2 
(approximately 6.5 sec per dynamic volume): TR/TE/α= 4.0 ms/ 1.3 ms/ 50°, 
slice thickness 4.0-mm, FOV 360x450 mm2, matrix 154x256. Ten dynamic 
volume scans with breath hold technique for as long as the patient can hold 
his breath. Twenty milliliter of contrast agent was administered intravenously 
at 2.0 ml/s, followed by a saline chaser bolus of 20 ml injected at 1.5 ml/s. 
Injection and scan are started simultaneously. The 4-mm thick slices were 
reconstructed into 2-mm slices using zero-padding in k-space. 

 5. Coronal 3D CE-MRA: TR/TE/α= 8.5 ms/ 2.1 ms/ 45°, slice thickness 3.0 mm, 
FOV 360x450 mm2, matrix 154x512. Total acquisition time: 28 sec with breath 
hold technique. 20 ml contrast agent was administered intravenously at 2.0 
ml/s, followed by a saline chaser bolus of 20 ml injected at 1.5 ml/s. The scan 
is started after a delay, determined from the time-resolved Maximum Intensity 
Projection (MIP) images derived from the dynamic 3D CE-MRA scan. The time 
between contrast agent injection and maximum arterial signal intensity in the 
abdominal aorta was chosen. The 3-mm slices were reconstructed to 1.5-mm 
slices. 

 6. Post-contrast T1-weighted spin echo (as pre-contrast) 

In total, 40 ml of Gd-DTPA (Magnevist, Schering, Berlin, Germany) was 
administered intravenously. 

 
Image post-processing  

The image post-processing for non-luminal volume measurements is important 
to our EVAR follow-up program.13 The evaluation of aneurysm sac morphology 
(diameter, area, volume) was done by manual segmentation of the total and the 
non-luminal aneurysm sac volumes on a workstation (Easy Vision, Philips Medical 
Systems, Best, The Netherlands). The same postprocessing protocol was used for 
CTA and for MRI data.24,25 Assessment and image post processing can be done on 
the T1-weighted SE scan after contrast enhancement. Analysis of our own patient 
material showed an average difference between CTA based volume measurement 
and MRI based volume measurement of 9.5-cc (SD 4.6-cc). This corresponds to 
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an average difference in terms of percentage of 7.8% (SD 5.6%).  This is a well 
excepted deviation for EVAR follow-up.13,26 This deviation can probably be reduced 
by reduction of voxel size. It is however possible as well to use the water-fat 
boundary in the BFFE scan (fi gure 1) for automated segmentation.27 Automated 
segmentation eliminates human error and relieves us from the labor-intensive 
manual segmentation process. 

In order to have a viable MRI based EVAR follow-up it is necessary to extract 
all the necessary information from the scans; morphological change, endoleak 
detection and classifi cation, graft patency. The scans in our MRI protocol were 
evaluated for their value in the assessment of the assets. 

 
  

Figure 1. An example of a Balanced FFE scan. Note the black 

line surrounding the aneurysm sac improving demarcation 

between aneurysm and the abdominal content and facilitating 

the analysis of aneurysm sac morphology. 

 
Results 

 
The results of the evaluation of all different MRI scans are summarized in 

Table 1. The T1-weighted SE scan before administration of contrast agent (pre-
contrast T1w SE scan) gives a morphological image of good quality and a good 
demarcation of the aneurysm sac within the surrounding tissues. Contrasts within 
the aneurysm sac are however minimal. This scan is important for comparison to 
the post-contrast T1w scan, which is scanned in exactly the same geometry. The 
T2-weighted scan gives a better demarcation of the different structures. There is an 
excellent contrast between intra-aneurismal thrombus consistencies and it shows 
an excellent contrast between aneurysm and surrounding tissue. Interpretation of 
the image, though, can be complex due to the heterogeneity in signal intensities 
within the aneurysm sac (Figure 2).  
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Figure 2. Three axial slices at the same level in the same patient. A. shows the T1-pre contrast 

series. B. shows the T2-pre contrast series. C. shows the T1-post contrast series. These three 

scans were compared for thrombus consistency and endoleak detection. The patient depicted 

in this fi gure has a large area of high signal in the T2-weighted series indicating blood or fresh 

clot. The T1-post contrast series shows a large endoleak at exactly the location as the high 

signal in the T2-weighted series. 

Figure 1 demonstrates the demarcation of the aneurysm sac in the balanced 
FFE scan, facilitating morphological assessment, i.e. diameter and volume 
measurements. The dynamic CE MRA offers a good depiction of the aortic and 
graft lumen. In specifi c cases dynamic MRA allows exact classifi cation of the 
endoleak.28  

An example of the depiction of contrast agent dynamics using time-resolved 3D 
CE-MRA is given in Figure 3. An example of a high resolution CE-MRA scan is given 
in Figure 4. 3D CE-MRA gives a high resolution image of the aortic and graft lumen 
and all other contrast fi lled structures improving the evaluation of stenosis and 
endoleaks. The combination of the T1-weighted pre-contrast scan and T1-weighted 
post-contrast scan (scans 1 and 6) is shown in fi gure 5. The sole difference between 
these two scans is the administration of contrast agent in between the two scans. The 
comparison of theses two scans together with the T2-weighted scan make pixel-wise 
analysis of the thrombus within the aneurysm possible (Figure 2).21 Information on 
the quantity of old organized thrombus, fresh clot or hygroma might aid in clinical 
decision making. 

In all patients the presence of an endoleak corresponded with high signal 
intensity on the T2-weighted image (Figure 4). Furthermore, newly formed clot in 
the immediate post-operative period gives high signal on T2-weighted images as 
well (Figure 2).  

 
  
  

A B C
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Figure 3. A. Coronal maximum intensity 

projection of the 3D CE-MRA dataset. The 

artifacts caused by the metal attachment 

system of the Ancure can be appreciated. The 

apple core like depiction of the lumen can be 

seen at the proximal as well as at the distal 

attachment sites (arrows). B. A MIP overview 

of the CE-MRA of a patient with an Excluder 

tube graft in situ. 

 
Discussion 

 
Several reports have stressed the need for a continued, intensive and accurate 

follow-up  of patients after EVAR.4,29-31  In most centers this is done using single 
or multi-detector CTA as the primary imaging modality. Since a serial CTA based 
follow-up has several inherent disadvantages as the accumulated radiation dose 
and the repeated load of nephrotoxic contrast agent, we decided to evaluate several 
different MRI techniques for their use in endovascular follow-up. Moreover, there 
have been reports on MRI in the EVAR follow-up, stressing the value of this imaging 
modality.22,32,33 The value of each scan sequence or combination of scans for the 
following aspects important for the post-operative evaluation of patients after 
EVAR was evaluated: endoleak detection, endoleak classifi cation, graft patency and 
stenosis, morphology and size change. Graft migration was not evaluated because 
we feel migration can not be evaluated on CTA either.34,35 This study demonstrates 
the potential of several different MRI and MRA techniques and the place they might 
take in a the follow-up after EVAR 

 
Endoleak detection 

Endoleak detection is an important aspect to be evaluated after EVAR. Some 
authors have already demonstrated the superiority of MRI for endoleak detection 
after EVAR.19,20 The combination of the T1-weighted pre-contrast scan and T1-
weighted post-contrast scan (scans 1 and 6) is extremely useful for endoleak 
detection (Figure 5). The only difference between these two scans is the contrast 
enhancement. Therefore any change between the fi rst and the second T1-weighted 
scan is due to contrast agent.  
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Figure 4. A. a T1-weighted scan before contrast enhancement B. the T1-weighted scan after 

contrast enhancement of the same slice of the same patient. 

 
Besides being able to detect the endoleak it is important to classify the endoleak.36 

Dynamic 3D SENSE CE-MRA demonstrated its ability of depicting the dynamics 
of blood fl ow through the aneurysm. This technique can aid the determination 
of the type of endoleak by depicting the infl ow of the endoleak into the aneurysm 
sac (Figure 5). The high-resolution 3D CE-MRA scan can be used for endoleak 
classifi cation and evaluation of graft patency as well (Figure 3), by tracing the 
endoleak in the 3D scan volume to its origin on a graphical workstation. Adequate 
classifi cation facilitates decision making for secondary interventions.  

 
Size change and morphology 

Currently aneurysm sac shrinkage is the gold standard for complete sac 
exclusion.10,11,37 Therefore the evaluation of size change is a keystone in the post 
EVAR follow-up. For evaluation of aneurysm sac morphology and size change, the 
post-contrast T1-weighted spin echo scan or the BFFE can be used. Size change 
can be tracked with use of CTA, MRI or even ultrasonography. Non-luminal volume 
change is the most exact way of evaluating size change.11,13 The CTA image post-
processing tools used to retrieve this volume can also be used for MRI data. 

In the balanced FFE scan water-fat boundaries are delineated by a black line, 
due to the fact that water and fat signals are not in phase at the chosen echo time. 
This feature can be used for a more accurate morphological assessment, as the 
excellent demarcation of the aneurysm sac aids manual segmentation and volume 
measurements and might facilitate automated segmentations (Figure 1).38 
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Figure 5. Four MIP’s of a dynamic CE-MRA. Every 6.5 seconds the total 3D volume was 

acquired. A. shows the phase in which the contrast agent is entering the abdominal aorta. 

B. shows the phase in which the abdominal aorta is completely fi lled with contrast agent. 

C. shows the phase in which the contrast agent is being washed out of the aorta. In D, the 

washout is almost complete. Inside the white circle the contrast dynamics of a small type II 

endoleak can be seen. 

 
Graft patency 

Obtaining information about graft patency and graft related stenosis is essential 
in the EVAR follow-up.39 With CTA, Maximum Intensity Projections (MIP) not only 
depict the endograft lumen but also calcium, bone, metal and other signal intense 
tissues and materials, making appreciation of the lumen diffi cult. Though MRI has 
no problems with bone, calcium or metal resulting in high signal values disturbing 
the MIP, metal can result in artifacts causing an under estimation of the lumen 
volume depending on the type of endograft used, the MIP signifi cantly.39 C D 

 
Thrombus characterization 

The T2-weighted scan can offer information about the effectiveness of exclusion 
and the processes inside the non-luminal aneurysm sac.21 Differentiation between 
newly formed thrombus, organized thrombus or hygroma-like processes can 
hold valuable information for the chosen strategy.40,41 Distinction is possible by 
combining the data from all the scans.  

 
Artifacts and compatibility 

D Despite the advantages MRI offers, MRI techniques are not an option for all 
endovascularly treated patients. A small part of the patients will be reluctant to 
undergo an MRI scan because of claustrophobia. MRI assessment of endografts that 
contain stainless steel or other ferromagnetic stent parts will result in large metal-
induced susceptibility artifacts compromising the evaluation.39 Stentgraft related 
artifacts are seen with all types of endografts in MRI images to some degree (Figure 
3A/B).39 However, in all endografts with a nitinol skeleton artifacts are limited and 
do not compromise diagnostic evaluation.
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 Endoleak 
detection 

Endoleak 
assifi cation 

Aneurysm 
orphology 

Thrombus 
characterization 

Graft 
patency/ 
stenosis 

Aneurysm 
volume  

T1w Pre/
Post 

excellent moderate good moderate moderate moderate 

T2w no no good excellent no moderate 
BFFE no no good no no excellent 
Dynamic moderate good no no moderate no 
CE MRA good good moderate no excellent no 

Table 1. A summary of the different MRI and MRA techniques used and their potential role in 

the EVAR follow-up program.  

 
 

 Conclusions 
 
A follow-up protocol based upon MRI and MRA techniques offers more 

information on the morphology of the aneurysm sac as conventional imaging 
techniques. However, an adequate MRI-based evaluation of patients after EVAR 
must consist of several different MRI scans in order to obtain all the necessary 
information for the EVAR follow-up. A larger study is currently being conducted to 
demonstrate the exact value and place of this modality and these techniques in the 
follow-up program after EVAR.  
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Abstract 
 
Purpose: To evaluate the magnetic resonance imaging (MRI) characteristics of 

commercially available stent-grafts used for abdominal aortic aneurysm repair.  
 
Methods: Seven endovascular grafts (AneuRx, Lifepath, Talent, Excluder, Zenith, 

Quantum LP, and Ancure) were suspended in a water bath containing gadolinium 
and scanned using a 1.5-T clinical MRI scanner. Two different scan techniques (T1-
weighted spoiled gradient echo and spin echo) based upon a clinical MRI endograft 
surveillance protocol were used for each stent-graft. The scans were evaluated for 
susceptibility artifacts and radiofrequency (RF) shielding and caging artifacts.  

 
Results: For most endografts, the lumen and structures surrounding the 

endograft were well visualized. However, the ferromagnetic properties of the Zenith 
and Lifepath devices resulted in large susceptibly artifacts that obliterated the 
endograft lumen as well as adjacent structures. All fully supported grafts showed 
some amount of signal loss from the graft lumen caused by RF caging. For the 
Ancure graft, evaluation around the attachment sites might be problematic.  

 
Conclusions: An MRI-based surveillance protocol appears to be a viable option 

for the AneuRx, Talent, Excluder, and Quantum LP stent-grafts.  
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Background 
 
For adequate evaluation of treatment success after endovascular aneurysm 

repair, several specifi c items should be monitored: the effectiveness of aneurysm 
sac exclusion, graft patency, graft migration, and graft integrity. Several recent 
studies have shown magnetic resonance imaging (MRI) and magnetic resonance 
angiography (MRA) techniques to be more sensitive for endoleak detection than 
standard computed tomographic angiography (CTA).1–3  

Indeed, MRI and MRA techniques are potentially well suited for the evaluation 
of aneurysm sac exclusion and graft patency. For morphological assessments, such 
as diameter or volume measurements, MRI and MRA have advantages over CTA 
as well. Because of the excellent soft tissue contrast, the aneurysm sac can be 
easily distinguished from the surrounding tissue and structures. However, in the 
evaluation of graft integrity and migration, neither MRI techniques nor CTA is ideal. 
For these purposes, abdominal radiography seems to be superior.4,5 One possible 
disadvantage of MRI techniques is that the endografts have to be MRI compatible, so 
a major potential problem is the presence of metallic components in the endografts. 
Metallic structures can produce artifacts that may considerably degrade image 
quality. The purpose of this study was to investigate which commercially available 
endografts can be used in a MRI-based surveillance after EVAR. 

 
Methods In Vitro Experiments  

 
Endografts were evaluated for artifacts that infl uenced the endograft surroundings 

and artifacts infl uencing the appreciation of the device lumen.      
 

  
Figure 1 The endografts used in this study were 

tested in a water bath containing gadolinium.  

 
Seven commercially available endografts were scanned: AneuRx (Medtronic 

Vascular, Santa Rosa, CA, USA), Lifepath (Baxter, Morton Grove, IL, USA), 
Talent (Medtronic Vascular), Excluder (Gore, Flagstaff, AZ, USA), Zenith (Cook, 
Bloomington, IN, USA), Quantum LP (now Fortron; Cordis, Warren, NJ, USA), and 
Ancure (Guidant, Menlo Park, CA, USA). The specifi c metal components of each 
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graft are shown in Table 1. The grafts were mounted in a plastic container so that 
they hung freely in water containing an aqueous gadolinium–diethylene-triamine 
penta-acetic acid (GD-DPTA) solution that mimicked the relaxation properties of 
contrast-enhanced blood. The model was placed inside a birdcage head receiver 
coil. Scans were made on a clinical 1.5-T Gyroscan Intera MRI scanner (Philips 
Medical Systems, Best, The Netherlands).  

 
Data Acquisition  

 
Two MRI scan techniques were selected from among our clinical endograft 

surveillance protocols and slightly adapted owing to the smaller area of interest 
compared to the clinical setting. In our experience, standard gradient echo and spin 
echo scans provide suffi cient information to evaluate the amount of radiofrequency 
(RF) shielding and the severity of susceptibility artifacts for all stentgrafts. Because 
of the capricious dependencies of the RF shielding phenomena on various stent 
and sequence-related factors,6 quantifi cation of RF shielding is useful only when 
compared between grafts. The scan parameters relevant for artifact formation 
(echo time, read-out bandwidth, fold-over direction, resolution) were chosen so 
that the resulting images were a representation of the impact of the artifacts on 
image quality and the diagnostic value of the scans in our MRI-based follow-up 
program. 

 

 Metal Support Metal Attachment Metal Markers 

AneuRx  Nitinol  Nitinol  Platinum  

Lifepath  Elgiloy  Elgiloy  Elgiloy  

Talent  Nitinol  Nitinol  Nitinol  

Excluder  Nitinol  Nitinol  Gold  

Zenith  Stainless steel  Stainless steel  Gold  

Quantum LP  Nitinol  Nitinol  Tantalum  

Ancure  None  Elgiloy  Platinum  

Table 1. Metal Components of the Endografts Used in This Study. Elgiloy is a 

cobalt/chromium alloy. 
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Figure 2. Single coronal slices taken from the 3-dimensional T1-weighted spoiled gradient 

echo scan: (A) AneuRx, (B) Lifepath, (C) Talent, (D) Zenith, (E) Excluder, (F) Quantum LP, and 

(G) Ancure.  

 

Following a multistack survey; 
•  a 3-dimen-sional (3D) T1-weighted spoiled gradient echo scan was obtained 

with a repetition time (TR) of 7.7 ms, an echo time (TE) of 2.1 ms, a fl ip angle 
(α)of 30o, a 4.0-mm slice thickness with 2-mm reconstruction, a 256x256 mm2 

fi eld of view (FOV), and a 256x256 acquisition matrix.  
•  a transverse T1-weighted spin echo scan normally used for aneurysm volume 

measurements, endoleak detection, and investigation of thrombus organization 
was performed at TR/TE/α = 580 ms/14 ms/90o, 3.0-mm slice thickness, a 
256x256 mm2 FOV, and an acquisition matrix of 256x256.  

   Lumen Attachment 

AneuRx  34%  (±8) 25% (±7) 

Lifepath  N/A N/A 

Talent  7% (±4) 2% (±6) 

Excluder  8% (±4) 15%(±8) 

Zenith  N/A N/A 

Quantum LP  71% (±5) 66%(±8) 

Ancure  3% (±11) 15% (±3) 

Table 2. Signal Attenuation Caused by the Endografts Attachment Lumen Sites Percentage 

attenuation is given as the mean ± standard deviation. NA: not available due to severe 

artifact; signal attenuations could not be quantifi ed.  

 
Scan Analysis  

 
The assessment of RF caging was expressed as a percentage of signal loss on the 

T1-weighted spin echo scan with respect to the undisturbed signal in the water/Gd-
DTPA solution outside the endograft. Signal loss due to dephasing was assessed 
from the minimum intensity projections (mIP) of the 3D T1-weighted spoiled 
gradient echo scans. .    
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Results 
 
Imaging results of the endograft lumen on the 3D T1-weighted spoiled gradient 

echo scan (Fig. 2) showed that the Lifepath and Zenith devices had signifi cant 
artifacts that may seriously affect the image quality of the lumen (Table 2). In the 
Ancure graft, depiction of the lumen was compromised at the attachment sites. The 
4 other devices did not produce disturbing susceptibility artifacts. Slices of the T1-
weighted spin echo scan through the body of the endograft (Fig. 3) demonstrated 
the differences in RF shielding among the different endografts.  

The mIPs derived from the 3D T1-weighted spoiled gradient echo scans (Fig. 4) 
demonstrated that artifacts from nitinol-supported endografts do not compromise 
the depiction of the tissue directly surrounding the endograft (Table 3). 

 

Figure 3. Cross-sections of the 7 endografts from the spin echo scan through the body of the 

stent-graft: (A) AneuRx, (B) Lifepath, (C) Talent, (D) Zenith, (E) Excluder, (F) Quantum LP, and 

(G) Ancure. Note the radiofrequency caging artifacts, especially in A and F, and the marker-

induced artifacts on both sides on the Ancure graft (G).  

 
Elgiloy and stainless steel skeletons, on the other hand, produce large artifacts, 

severely affecting the scan’s diagnostic value.  . 
 

Discussion 
  
This study evaluated the suitability of different endografts for an MRI-based 

endograft surveillance program. For an endograft to be MRI compatible, the 
artifacts that it produces should not degrade the diagnostic value of the images. 
Moreover, the implant may not incur safety problems while inside or in the vicinity 
of the scanner. In our model, we tried to emulate the in vivo situation as much 
as possible, although some factors that infl uence image quality clinically, such as 
respiratory motion, could not be duplicated. Nonetheless, our experiments allowed 
easy comparison of the various grafts with regard to different image artifacts.  

Among the safety issues relating to the presence of metal in the strong magnetic 
fi eld of an MRI scanner,7 the most obvious risk is dislodgement of the endograft 
by longitudinal forces and torques experienced by the ferromagnetic stent parts. 
The maximum torque will be experienced in the region of the highest magnetic 
fi eld strength. The attractive force will be maximal where the product of the spatial 
gradient and the fi eld strength is largest, which for most scanners is near the 
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entrance of the bore. In our in vitro model, forces and torque were not observed, 
except for the Zenith and Lifepath devices. Whether the force exerted on these 
implants infl uences MRI safety cannot be concluded from this study. MRI safety 
of these endografts is hardly relevant for follow-up, though, since the large image 
artifacts make them MRI incompatible and render MRI-based follow-up useless.7 

The attachment sites and the body/limbs were addressed separately.  
 

Figure 4. Minimum intensity projections from the spoiled gradient echo scans of the 7 

endografts: (A) AneuRx, (B) Lifepath, (C) Talent, (D) Zenith, (E) Excluder, (F) Quantum LP, and 

(G) Ancure  

 
Another potential safety hazard associated with MRI examination of metallic 

implants is local heating of tissue surrounding the implant. Theoretically, 3 distinct 
processes could cause heating: resistive dissipation of energy from eddy currents, 
heating caused by currents induced in conducting loops, and heating by resonating 
RF waves. Eddy currents are present in every conducting material exposed to 
RF radiation. Induction currents, which may occur in loops from conductive 
materials, depend on the dimensions of the loop and the polarization of the RF 
pulse. Thermal energy deposits from these 2 processes have been studied in many 
metallic implants; rarely did the temperature increase exceed more then a few 
degrees Celsius.8–11 Therefore, these processes do not appear to be a substantial 
hazard in small metallic implants.  

Resonating RF waves, however, have been shown to give a fast and signifi cant 
increase in temperature. Elongated conducting structures, such as leads of active 
implants (e.g., pacemakers or deep brain stimulators) or metallic guidewires used 
during MRI-guided interventions, might act as linear antennas, causing excessive 
heating near the wire tips if standing waves are generated.8 This form of heating is 
therefore hazardous. These resonance effects, however, occur only when the length 
of the wire-like structure is over one half of the RF wavelength. With clinical 1.5-T 
scanners and human tissue, this is ~26 cm.8  

For implants that are small compared to the RF wavelength used for excitation 
(e.g., stents, coils, clips, and the metallic parts in endografts), electromagnetic 
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resonance is considered impossible. All endografts used in this study were under 18 
cm in length. Furthermore, most endografts are composed of separate supporting 
stents not connected to each other. Consequently, no signifi cant heating of these 
devices is expected. Accordingly, we have not carried out any experiments with 
regard to heating of tissue surrounding the endografts.  

In general, there are 3 metal components of endografts that can cause artifacts 
in MRI scans: the supporting stent (if present), the metal attachment, and the metal 
markers used for fl uoroscopic guidance during implantation. Basically, 2 types 
of metal-induced artifacts can occur.6 Susceptibility artifacts are caused by local 
differences in magnetic volume susceptibility (χ) between the metal in the implant 
and the surrounding tissues. These differences lead to local inhomogeneities in 
the main magnetic fi eld, which cause geometric distortions and local signal loss 
around the metallic parts due to dephasing of the nuclear spins. The severity of 
these artifacts is dependent on the magnetic susceptibility of the metallic materials. 
As we saw with the Zenith and Lifepath models, the presence of ferromagnetic 
materials (with χ>10-2) in endografts can cause overwhelming susceptibility 
artifacts that make evaluation of the abdomen impossible.12 

In addition, in supported endografts with a cage-like stent structure, depiction of 
the lumen can be compromised by RF shielding of the implant’s lumen. Especially 
in implants made of low-artifact materials, in which susceptibility artifacts are 
small, RF-related artifacts may play an important role. The geometry and orientation 
of the conducting loops in the endograft with respect to the polarization of the 
RF magnetic fi eld and the receiver/ transmitter fi elds of the coils used for MRI 
imaging are important. The extent to which RF caging occurs is therefore strongly 
dependent on the geometrical orientation of the stents and the conductance of the 
material from which the stent is made.13  

 
 Body/Limbs Attachment Sites 

AneuRx  No  No  

Lifepath  Severe  Severe  

Talent  Minor  Minor  

Excluder  No  No  

Zenith  Severe  Severe  

Quantum LP  No  No  

Ancure  No  Moderate  

Table 3. Endograft infl uence on visualizing adjacent structures 

 
All fully supported grafts showed some RF caging artifacts, reducing the lumen 

signal. The unsupported Ancure device did not show an appreciable signal loss of 
the graft interior. If desired, these RF artifacts can be diminished by increasing the 
RF power of the excitation pulse, thereby improving lumen visualization.13 In the 
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Ancure graft, however, depiction of the lumen at the level of the attachment sites will 
stay insuffi cient because of the relatively large susceptibility artifacts caused by the 
cobalt-alloy used in the attachment systems. From our clinical experience with the 
Ancure and Excluder, we do not believe that increasing the RF power is necessary, 
as the contrast-enhanced signal from the lumen is enough for diagnostic purposes. 
However, it must be kept in mind that the results of signal loss presented here are 
not absolute values. The amount of caging will be dependent on the position of the 
endograft in the scanner and on the fl ip angle.  

In conclusion, all endografts in our study showed metal-induced artifacts to 
some extent, but most did not infl uence the appreciation of the graft’s exterior or 
interior. All fully supported endografts showed some amount of signal loss due to 
RF caging. For the Ancure graft, MRI-based follow-up is not impossible, but the 
attachment sites do pose problems. An MRI-based follow-up of the Lifepath and 
the Zenith will be useless, as the images will have no diagnostic value. These grafts 
are better assessed by CTA. All nitinol stents appear to be MRI compatible. In our 
experience, the Talent, AneuRx, Quantum LP, and the Excluder are well suited for 
a surveillance program that features MRI-based imaging techniques.  
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Abstract 
 

Purpose: The aim of study was to compare the sensitivity of MRI and CTA for 
endoleak detection and classifi cation after EVAR. 
 
Patients & Methods: Twenty-eight patients, between 2 days and 65 months 
after EVAR, were evaluated with both CT and MRI. Twenty-fi ve patients had an 
Ancure graft and the other three had an Excluder. The MRI protocol for endoleak 
evaluation included: a T1-weighted spin echo, a high-resolution 3D CE-MRA, and a 
post-contrast T1-weighted spin echo. In total 40 ml Gadolinium was administered. 
The CT protocol consisted of a blank survey followed by a spiral CT angiography 
(CTA) using 140 ml of Ultravist. An experienced, blinded observer evaluated all 
CTs and MRIs. 
 
Results: Using MRI and MRA techniques signifi cantly more endoleaks (23/35) were 
detected than with CTA (11/35) (p = 0.01, Chi-Square). CT could not determine 
the type of endoleak in 3 of the 11 endoleaks detected and was uncertain in one. 
MRI was uncertain about the type in 14 of the 23 endoleaks detected. All endoleaks 
visible on CT were visible by MRI as well. 
 
Conclusions: MRI techniques are more sensitive for the detection of endoleak after 
endovascular AAA repair than CT. 
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Background 
 
An important drawback of endovascular aneurysm repair (EVAR) is the need 

for a post-operative surveillance program. An intensive imaging schedule to detect 
early or late complications, such as sac size increase, endoleak or graft migration 
is required for the rest of the patients life.1-4  

Death from aneurysm rupture after EVAR is the ultimate proof of treatment 
failure. As the postoperative rupture risk is extremely low, it will take many years 
and large numbers of patients before the hard endpoint of rupture risk can be used 
as a representative outcome measure.5-8 This long-term data is not yet available. 
The evaluation of short term treatment success has to rely on secondary and softer 
endpoints like endoleak or aneurysm sac size change.  

Endoleak is a frequent problem after EVAR. Computed Tomography Angiography 
(CTA)-based studies show that up to 20% of patients have an initial endoleak,9 
many of which are type II. It has been demonstrated that all type I endoleaks create 
systemic pressure inside the aneurysm sac.10-12 The risk of rupture appears to 
be increased in these patients.7,11,13 Type II endoleaks can create high intra-sac 
pressures too.10,11,14 Therefore some authors advise a more aggressive approach 
towards type II endoleaks than was previously thought necessary.7,11,13,15 Still, many 
patients present with a shrinking aneurysm sac, despite the presence of an endoleak. 
Whether these patients need to be treated remains controversial.7,15-17 However, 
in the presence of a new or a previously undetected endoleak, some aneurysms 
can show secondary growth after initial shrinkage.18 In our opinion many cases of 
endotension, aneurysm sac enlargement without a detectable endoleak, could be 
attributed to a missed endoleak.19-21  

Magnetic resonance imaging (MRI) techniques have been shown to be very 
sensitive for depicting small endoleaks.22-24 Because of the high sensitivity to 
Gadolinium-based T1-shortening contrast agent, the intrinsic three dimensionality 
and excellent soft tissue contrast, MRI and magnetic resonance angiography (MRA) 
techniques theoretically are well suited for endoleak detection after EVAR. 

Our current follow-up imaging program consists of CT scanning and abdominal 
x-ray. The CT data are used for volume measurements, evaluation of endoleaks, 
graft patency and graft migration. The plain abdominal radiograph is used for the 
evaluation of stent-graft integrity. In the present study we focus on the detection and 
classifi cation of endoleaks.  

The aim of this study was to compare the sensitivity of CT and MRI for the 
detection of endoleak. We hypothesized that MRI is more sensitive for detection of 
endoleaks than Computed Tomography (CT). 
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Patients & Methods 
 

Patients 
In the period between March 2001 and March 2003, 28 patients randomly 

selected from our EVAR follow-up program were included in the study. This group 
consisted of 26 males and 2 females with a mean age of 75 years (range 58-87 
years). These patients were scanned using CTA and with our MRI protocol. Three 
patients had an Excluder endograft (Gore, Flagstaff, AZ, USA) and 25 had an 
Ancure endograft (EVT, Menlo Park CA, USA). There were 5 patients who were 
evaluated twice with a 6 month or 1 year interval and 1 patient was scanned three 
times with 6 months intervals in between. This resulted in 35 MRI data sets and 35 
CTA data sets. Institutional review board approval was obtained and all included 
patients signed an informed consent form. Patients were between 2 days and 65 
month (mean 30 months) after EVAR at the time of imaging.  

 
Design  

Patients underwent MRI as well as CT evaluation. The MRI was added to our 
standard CT surveillance protocol. For practical reasons the 2 examinations could 
not take place on the same day. The time between the CT and the MRI exam was 
minimized and was not allowed to exceed one month.  

Scans from both imaging modalities were evaluated for the presence of endoleaks 
and for the determination of the type of endoleak. Endoleak was scored as present, 
not present, or uncertain. Classifi cation of the endoleaks was performed as proposed 
by White et al., type I, II, III, IV or unknown (meaning the exact site of infl ow could 
not be identifi ed).25,26 The MRI images were evaluated by an experienced observer 
blinded to the results of the CT. 

 
Clinical data acquisition techniques 

Computed tomography angiography: CT scans were performed on a spiral 
CT scanner (AV-EP, Philips Medical Systems, Best, The Netherlands). The table 
speed used was 5 mm/sec with a reconstruction index of 2 mm. One non-contrast-
enhanced scan and one with an intravenous infusion of 140 ml Ultravist (Berlex, 
Montville, NJ, USA) at 3 ml/sec with a 30 second delay between the start of the 
injection and the start of the scan were acquired at 120 kV and 250 mA with a 
matrix size of 250. In our standard CT protocol, delayed series (2 scans with a 2 
minute and a 4 minute interval after the CTA) were performed if an endoleak was 
suspected, i.e. in case of a growing or stable nonluminal volume of the aneurysm 
sac based upon previous assessments.27  

Magnetic resonance imaging and angiography: MRI scans were performed on 
a clinical 1.5-T scanner (Gyroscan Intera NT, Philips Medical Systems, Best, The 
Netherlands). A quadrature wrap-around synergy body coil was used as a receive 
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coil. The following scans from our MRI-protocol for surveillance after EVAR were 
used for this study:  

 
1.  a transverse T1-weighted spin echo: TR/TE/α = 580 ms/14 ms/90o, slice 

thickness 6.0-mm, FOV 270x385 mm2, acquisition matrix 179x256. 30 slices. 
Total acquisition time: 2.30 min. 

 
2.  a coronal 3D CE-MRA: TR/TE/α = 8.5 ms/2.1 ms/45o, slice thickness 3.0-mm, 

FOV 360x450 mm2, Matrix 154x512. 25 slices. Total acquisition time: 28 s 
with breath hold technique and 20 ml of contrast agent at 2.0 ml/s. 

 
3. repeated post-contrast T1-weighted spin echo (as pre-contrast). 

 
A comparison of pre- and post-contrast T1-weighted scans was used for endoleak 

detection and classifi cation. The high-resolution 3D CE-MRA scan was used for 
additional information for endoleak classifi cation. For the CE-MRA scan, 20 ml of 
Gd-DTPA (Magnevist, Schering, Berlin, Germany) was administered intravenously 
at a rate of at 2.0 ml/s, followed by a saline chaser bolus (20 ml) injected at 1.5 
ml/s. Image analysis Adequate evaluation of the post-operative analysis of both CTA 
images and MRI images involves extensive image post-processing.27 For endoleak 
detection alone, only limited image post-processing is necessary. All scans were 
loaded on to the graphical workstation (Philips EasyVision workstation, release 4, 
Philips Medical Systems, Best The Netherlands). An Endoleak on CT was defi ned 
by a contrast deposit or enhancement inside the aneurysm sac, outside the graft. 
An endoleak on MRI/MRA was defi ned as increased signal intensity inside the 
aneurysm sac outside the graft on the post-contrast T1-weighted SE scan, which 
was not present on the T1-weighted SE before contrast enhancement (Fig. 1). 

 
Statistical analysis 

For statistical analysis of the comparison between CTA and MRI the Chi-square 
test was used. A p-value of less than 0.05 was considered signifi cant.  

 No-
endoleak 

Type I Type 
II 

Type 
III 

Type 
IV 

Endoleak of 
Unknown origin 

Total 

MRI/MRA 12 (34%) 2 6 1 0 14 35 

CTA 24 (69%) 2 3 1 0 5 35 

Table 1. A summary of the results of endoleak detection and classifi cation 
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Results 
 
Using MRI, an endoleak was detected in 23 of 35 (66%) evaluations. Using CT, 

in 11 of 35 scans an endoleak was detected (31%) (p < 0.005, Chi-Square). All 
endoleaks detected on CT were visible on MRI. The main difference in endoleak 
detection between CT and MRI was the higher sensitivity of MRI for type II endoleaks 
(Table 1).  

In 13 cases, delayed post-contrast CT series were performed. These scans 
did not reveal an additional endoleak. MRI evaluation revealed endoleaks in 4 of 
these 13 cases (Fig. 2). Based upon the MRI data 14 of the 23 detected endoleaks 
were classifi ed as having an unknown origin (61%). Using the CT data 5 of the 11 
detected endoleaks were classifi ed as having an unknown origin (45%) (p = 0.183, 
Chi-Square test) 

Figure 1. A slice of a T1-weighted pre-contrast enhancement scan and the corresponding slice 

of the T1-weighted post-contrast enhancement scan demonstrating an endoleak. L; denotes 

the graft lumen. E; denotes the endoleak. 

 
Discussion 

 
This study shows that MRI techniques are more sensitive in detecting endoleaks 

than CT. Furthermore, the MRI protocol was more conclusive at identifying the site 
of infl ow of endoleaks. For several of the endoleaks detected by MRI, but not by CT, 
the origin was hard to trace. Although the absolute number of classifi ed endoleaks 
by MRI was higher than by CTA, the percentage of classifi ed endoleaks was lower, 
due to the high number of unclassifi ed endoleaks detected by MRI.  

It must be noted that the current study only included Ancure and Excluder 
endografts. All nitinol stents are MR compatible.28 All fully supported endografts 
show some amount of signal loss due to RF caging. For most endografts MRI and 
MRA based follow-up is an option. When considering the diagnostic interpretation 
of the imaging results, artifacts caused by the metallic stents should be considered, 
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since these artifacts can mimic stenosis or occlusion of the endograft.28  
A more sensitive follow-up can help to identify small and concealed endoleaks 

in patients with a non-shrinking aneurysm sac or late aneurysm sac enlargement. 
More exact information of the patent vessels involved in a type II endoleak will 
facilitate decision making and re-intervention (Fig. 2).  

For reasons of radiation dose reduction, only in patients who had aneurysm 
sac enlargement at previous evaluations were delayed CTA series acquired at our 
institution. This may theoretically have resulted in an underestimation of the 
number of endoleaks in the CT scans.28 However, the delayed series that performed 
(13 cases), did not result in the detection of additional endoleaks, whereas in 4 
of these cases an endoleak was found on MRI. In clinical practice only selected 
patients should be subjected to delayed CT imaging, as the cumulated exposure 
of the patient to ionizing radiation would be high.29 The use of dynamic MRA 
techniques may obviate the need for such delayed CT scans.30  

 

 Figure 2. Axial cross sections at the same level in the same patient by CTA (A) and MRI (B) 

(post contrast T1-weighted spin echo). The two arrows in A point at two vascular clips, which 

were placed on two lumbar arteries. The MRI image (B) shows a type II endoleak coming from 

between the two vascular clips that CTA does not depict.  

 
It is customary to compare new diagnostic tests with the current clinical gold 

standard. However, for MRI scans, there are very unlikely to be false positive results. 
In the comparison of the T1-weighted scans (scan 1 and 3), pre- and post-contrast 
enhancement, contrast enhancement in scan 3 (post CE scan), not seen on scan 1 
(pre CE scan), can only result from contrast agent, for that is the only difference 
between the two scans (Fig. 1).  

Measurements of aneurysm sac pressure probably will become available in 
the near future but the exact added value of these measurements remains to be 
determined.32 The presence of an endoleak gives only limited information about 
short term treatment success or outcome. In order to obtain complete insight 
in aneurysm sac exclusion, the combined data of endoleak and its classifi cation 
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(type I, II, III or IV), aneurysm sac size change over time and perhaps intra sac 
pressure readings will be needed. Time resolved MRA seems a good candidate to 
combine the advantages of MRI over CT and time resolved over static imaging. The 
implementation of SENSE (parallel imaging) and ultra fast gradient systems into 
modern MRI scanners have made fast dynamic scanning in 3D (also: 4D scanning) 
possible. Time-resolved 3D MRA datasets are constructed of sequential 3D volumes 
containing information about the contrast dynamics. Our recent experiences with 
this technique indicate, as Lookstein et al. also has demonstrated, that time resolved 
imaging might offer some additional advantages over static imaging techniques.31 
We are currently investigating the additional clinical value of such techniques.  

This study demonstrates that the MRI protocol we used was signifi cantly more 
sensitive for endoleak detection than CT. Perhaps the most important conclusion 
that can be drawn from this study is that there are many more endoleaks than 
previously assumed. Many cases of endotension are likely to be caused by a small 
endoleak not detected by CT. An MRI protocol for EVAR follow-up including time 
resolved MRA is currently under investigation. 
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Abstract 
 

Aim: To valuate the value of dynamic contrast enhanced magnetic resonance 
angiography (CE-MRA) for classifi cation of endoleaks after endovascular aneurysm 
repair (EVAR). 
 
Materials and methods: Twenty-eight patients, between 2 days and 54 months 
after EVAR, were evaluated with CTA, MRI and dynamic CE-MRA. The additional 
diagnostic value of the dynamic 3D CE-MRA was evaluated by determining the 
ability of the dynamic series in pinpointing the site of infl ow of an endoleak. 
 
Results: An endoleak was detected in 23 patients. Seventeen of the 23 dynamic 
series were technically successful (no disturbing artefacts limiting the diagnostic 
value). Using MRI our fi ndings were: 2 type I, 6 type II, 1 type III, no type IV 
endoleaks and in 14 cases classifi cation could not be made. The classifi cation 
results for MRI plus the dynamic CE-MRA were: 2 type I, 12 type II, 1 type III, no 
type IV endoleaks and in eight cases classifi cation could not be made. In six cases 
the dynamic MRA allowed classifi cation of the endoleak, which was not possible 
with the non-dynamic images alone (p=0.091, Fisher exact). 
 
Conclusion: This pilot study shows that dynamic CE-MRA can have additional 
value in the classifi cation of endoleaks. Dynamic CE-MRA might obviate the need 
for diagnostic digital subtraction angiography and aid planning for intervention. 
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Background 
 
Determining the effectiveness of exclusion after endovascular aneurysm repair 

(EVAR) is essential for the evaluation of treatment success and follow-up. The 
absence or presence of endoleaks is therefore import-ant in every assessment.1–4 If 
an endoleak is detected on computed tomography angiography (CTA), a decision 
must be made whether or not to intervene. If the CTA assessment provides 
insuffi cient information of the site of infl ow or outfl ow of the endoleak, most 
centers will use digital subtraction angiography (DSA) to pinpoint the exact site of 
infl ow in order to plan an intervention to seal the endoleak.2,5–7 It can be diffi cult to 
depict type II endoleaks and even small type I endoleaks using this technique.8,9 An 
experienced interventional radiologist can be more successful using super selective 
DSA.8,10–13 DSA has the inherent disadvantages of its invasive character, the contrast 
medium and radiation load to the patient, and small but signifi cant morbidity and 
mortality.14–16  

MRI and magnetic resonance angiography (MRA) techniques, with their excellent 
soft tissue contrast, lack of ionizing radiation and nephrotoxic contrast agent 
form an interesting alternative to regular CTA based follow-up. Moreover, recent 
developments in MRI hardware and software, like the implementation SENSE 
(parallel imaging) and ultra fast gradient systems have made fast dynamic scanning 
in 3D (also called 4D scanning) possible. The time resolved 3D MRA dataset is 
constructed out of sequential 3D volumes and provides information about the 
contrast dynamics without the need for invasive catheterization.  

It has previously been demonstrated that MRI and MRA are more sensitive to 
endoleak detection than CTA.17,18 We hypothesized that adding a time- resolved 
MRA series to our standard non-dynamic MRI-protocol for follow-up after EVAR 
would improve endoleak classifi cation. In order to investigate whether this 
hypothesis holds true, a dynamic contrast enhanced (CE) MRA scan was added 
to our standardized MRI scan protocol. The standard CTA surveillance protocol, 
the standard MRI surveillance protocol and CE dynamic MRA were compared. 
Differences in pinpointing the exact sites of infl ow and the additional value of having 
information about the fi lling phase for classifying endoleaks were evaluated.  

 
Patients and Methods  

 
Patients  

In the period between March 2001 and March 2003, 28 patients randomly 
selected were included in the study. This group consisted of 26 males and two 
females with a mean age of 75 years (range 58–87), treated by Excluder (n=3, 
Gore, Flagstaff, AZ, USA) or Ancure endografts (n=25, EVT, Menlo Park, CA, 
USA), who were imaged using CTA, MRI and dynamic CE-MRA. Five patients were 



65

evaluated twice and one patient three times resulting in 35 MRI and CTA data sets. 
Institutional review board approval was obtained and all included patients signed 
an informed consent form. Patients were between 2 days and 65 month (mean 30 
months) after EVAR at the time of examination. The time between the CT and the 
MR exam was minimized and was not allowed to exceed 1 month.   

 
Design  

The MRI scans and the CTA scans were evaluated for the presence of endoleaks 
and for endoleak classifi cation. Endoleak was scored as present, not present or 
uncertain. Classifi cation of the endoleaks was performed as proposed by White 
et al.: type I (leakage at the attachment site), II (retrograde fi lling via branch 
arteries), III (leakage due to a graft defect), IV (leakage due to graft wall porosity) 
or unknown.7,19 The images were evaluated by an experienced observer blinded to 
the results of the other imaging modality. The data were evaluated on a separate 
graphical workstation (Easy Vision, release 4, Philips Medical Systems, Best, The 
Netherlands).  

 
Clinical data acquisition techniques  

Computed tomography angiography: CT scans were performed on a spiral CT 
scanner (AV-EP, Philips medical systems, Best, The Netherlands). The table speed 
used was 5 mm/s with a reconstruction index of 2-mm and a pitch of 0.25. One non-
contrast-enhanced scan and one with an intravenous infusion of 140 ml Ultravist at 
3 ml/s with a 30 s delay between the start of the injection and the start of the scan 
were acquired at 120 kV and 250 mA with a matrix size of 250. In order to reduce 
the radiation dose for the patients, delayed CT series (2 scans with 2 and 4 min 
interval after the CTA) were only performed in case an endoleak was suspected, i.e. 
in case of a growing or stable non-luminal volume of the aneurysm sac based upon 
previous assessments.20  

Magnetic resonance imaging and angiography: MRI scans were performed on 
a clinical 1.5-T scanner (Gyroscan Intera NT, Philips Medical Systems, Best, The 
Netherlands). A quadrature wrap-around synergy body coil was used as a receive 
coil. The following scans out of our MRI-protocol for follow-up after EVAR were 
used for this study:  

 
1.  Pre-contrast T1-weighted spin echo: TR/TE/α= 580 ms/14 ms/908, slice 

thickness 6.0-mm, 30 slices, FOV 270x385 mm2, acquisition matrix 179x256. 
Total acquisition time: 2.30 s.  

2.  Coronal dynamic 3D contrast enhanced (CE)-MRA using SENSE factor 2 
(approximately 6.5 s per volume): TR/TE/α= 4.0 ms/1.3 ms/508, slice thickness 
4.0-mm interpolated to 2-mm slices, 28 slices, FOV 360x450 mm2, Matrix 
154x256. Ten dynamic volumes with breath hold technique for as long as the 
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patient could hold his/her breath. Twenty milliliter of Gd-DTPA contrast agent 
(Magnevist, Schering, Berlin, Germany) was administered intravenously at 
2.0 ml/s, followed by a saline chaser bolus of 20 ml injected at 1.5 ml/s. The 
injection of the contrast agent was started together with the acquisition of the 
dynamic series.  

3.  Coronal 3D CE-MRA: TR/TE/α= 8.5 ms/ 2.1 ms/458, slice thickness 3.0-mm 
interpolated to 1.5-mm slices, 35 slices, FOV 360x450 mm2, Matrix 154x512. 
Total acquisition time was 28 s with the breath hold technique. Twenty millilitres 
of contrast agent was injected intravenously at 2.0 ml/s, followed by a saline 
chaser bolus of 20 ml at 1.5 ml/s.  

4. Post-contrast T1-weighted spin echo (as pre-contrast).  
 
In the complete MRI scan protocol, 40 ml of Gd-DTPA was administered 

intravenously. The MRI images were made anonymous and evaluated by an 
experienced observer. A comparison of the pre-contrast and post-contrast T1-
weighted spin echo scan was used for endoleak detection. The 3D CE MRA scan 
was used for endoleak classifi cation. First both T1-weighted spin echo scans and 
the 3D CE-MRA were assessed. In a second evaluation the dynamic CE MRA was 
added to the data available to the observer. Differences between the detection and 
classifi cation of endoleaks with and without the dynamic scan were noted. During 
the second evaluation the observer was blinded to the results of the fi rst evaluation. 
Dynamic scans were considered technically unsuccessful if diagnostic evaluation 
was seriously compromised by patient motion, fold-over artifacts or inadequate 
planning, and the observer was asked to report unsuccessful scans. 

 

Figure 1. A comparison of a slice of a T1-weighted pre- and post-contrast scan at exactly the 

same location in the patient, demonstrating an endoleak. 
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Image analysis 
All scans were loaded onto the graphical workstation. Analysis of the CTA images 

involved: A comparative stack view of the unenhanced CT and the enhanced CTA, and 
multi planar reconstructions (MPR) and central lumen line (CLL) reconstructions 
of the contrast enhanced scan. Analysis of the MRI and MRA images involved: A 
comparative stack view of the unenhanced T1-weighted scan and the T1-weighted 
scan after contrast enhancement, an evaluation of maximum intensity projections 
(MIP) of the CE-MRA, a MPR and CLL reconstructions of the CE-MRA and T1-
weighted scan after contrast enhancement, a 3D evaluation of the (MIP) of the 
dynamic series and an evaluation of the individual slices of the dynamic series. 

 
  

Figure 2. An example of a MIP of a 3D CE-MRA scan. 

The arrow is pointing at a clearly visible type II 

endoleak fi lling the aneurysm sac.  

 
Statistical analysis 

For statistical analysis of the difference in endoleak classifi cation a Fisher exact 
test was used. A p-value of less than 0.05 was considered signifi cant.  

 
Results 

 
In the evaluation of the 35 CTA data sets 11 endoleaks (31%) were identifi ed in 

11 patients. In fi ve cases classifi cation of the detected endoleak was not possible. 
Using MRI 23 (65%) endoleaks were detected in 35 MRI examinations by comparison 
of T1-weighted pre- and post-contrast scans. An example is shown in Figs. 1 and 2. 
All endoleaks identifi ed with use of CTA were identifi ed on MRI evaluation. In 17 of 
the 23 cases with an endoleak, the dynamic MRA scan was technically successful 
(69%). Four scans were unsuccessful due to inadequate scan planning and two 
were unsuccessful due to movement of the patient.  

In six cases the addition of the dynamic CE-MRA scan allowed classifi cation 
of the endoleak, which was not possible with use of the non-dynamic scans only 
(Fig. 3). The overall classifi cation results for our standard protocol without the 
dynamic CE-MRA were: 2 type I, 6 type II, 1 type III, no type IV endoleaks and 
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in 14 cases classifi cation could not be made. The classifi cation results for our 
standard protocol plus the dynamic CE-MRA were: 2 type I, 12 type II, 1 type II, 
no type IV endoleaks and in eight cases classifi cation could not be made (Table 1; 
p=0.091, Fisher exact). All type I and type III endoleaks could be depicted with use 
of the dynamic CE-MRA. Relatively small endoleaks could not be depicted using 
the dynamic series. 

 

Figure 3. An example of the MIP of a dynamic 3D CE-MRA scan (the same patient as in Fig. 

2). Every image is the MIP of a 3D volume out of the 4D dataset in which the volumes were 

acquired 6.2 s after each other. The contrast arrival, dispersion and outfl ow are visualized. 

The arrow points at a small type II endoleak.  

 
Discussion 

 
MRI evaluation after EVAR is more sensitive to endoleak detection than 

CTA.18,21–23 The addition of time-resolved or dynamic series to the standard MRI/
MRA protocol can aid in the determination of the location of infl ow of an endoleak. 
The dynamic scan though, can only be used in combination with the other scans 
due to the moderate resolution, which is a result of the added temporal resolution. 
The non dynamic MRA and the post CE T1-weighted MRI must direct the observer 
to the site of interest. A practical problem is that the dynamic scan results in 
an excessive amount of data, which makes it diffi cult to interpret and requires a 
powerful graphical workstation with 4D capabilities for reading the scans. With 
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regard to the comparison of the MRI data to the CTA data, it should be noted that, 
for reasons of dose reduction, delayed CT series were not made in all patients. Only 
patients who had aneurysm sac enlargement at previous evaluations were subjected 
to delayed CT series. This could theoretically have resulted in an underestimation 
of the number of endoleaks found in the CT scans.24 However, the delayed series 
that were made, did not result in the detection of additional endoleaks. In clinical 
practice only selected patients should be subjected to delayed CT series, as the 
cumulated exposure of the patient to ionizing radiation would get unacceptably 
high.25 The use of dynamic MRA techniques may obviate the need for such delayed 
CT scans.   

 
Number of endoleaks 
detected  

Type I Type II Type III Type IV Unknown 
type 

Total 

Standard CTA 
protocol  2 3 1 0 5 11 
Standard MRI 
protocol  2 6 1 0 14 23 
Standard protocol 
plus dynamic CE-MRA  2 12 1 0 8 23 

Table 1. Here the results of our evaluation of endoleak detection and classifi cation are 

summarized. The standard CTA post-EVAR protocol and the standard MRI post-EVAR protocol 

without the dynamic CE-MRA is compared to the protocol with the additional dynamic CE-

MRA.  

 
In our current dynamic CE-MRA scan, the acquisition of each 3D volume takes 

approximately 6.2 s. This fast image acquisition is achieved by making use of parallel 
imaging, which means that the sensitivity profi les of the receiver coils are used to 
combine simultaneously received signals from multiple coil elements into an image 
while scanning less ky-lines. A disadvantage of this acquisition technique is that 
scan planning is very important, since due to the parallel imaging reconstruction, 
fold-over artifacts project in the region of interest. In addition, the higher temporal 
resolution results in a decreased signal-to-noise ratio (SNR). However, in our 
experience this decreased SNR did not have an impact on the diagnostic value of 
the scans. Our main interest was imaging of contrast dynamics and since we used 
20 ml of Gd-DTPA in a heavily T1-weighted scan, the intrinsic contrast to noise 
ratio (CNR) between the vessels and the background tissue was very high. Another 
problem of the dynamic scan is the moderate spatial resolution of the images. 
Each acquired volume is a low resolution version of the non-dynamic coronal 3D 
CE-MRA (scan 3 in our protocol). The lower resolution is the price to pay for the 
increased temporal resolution. This is refl ected in the fact that small endoleaks 
could not be depicted using this technique. The spatial resolution of our dynamic 
scan probably was too low for this purpose. In the future, when receiver coils 
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capable of applying higher SENSE factors in abdominal imaging become available, 
both spatial and temporal resolution might be improved.  

Ghosting artifacts due to respiratory motion of the ventral wall present a diffi cult 
problem. Especially, in the dynamic series, since the 1-min duration of this scan 
makes it impossible to totally acquire it within a single breath hold. The average 
patient suffering from vascular disease will not be able to perform a breath hold for 
a period longer than 30 s. Artifacts can, however, be minimized in coronal scans, by 
placing the scan volume as far dorsally as possible. In some of the patients artifacts 
cannot be prevented due to the extent of the aneurysm to the abdominal wall.  

Our main conclusion is that adding dynamic CE-MRA to the MRI protocol 
provides the observer with the dynamic information only otherwise available from 
DSA. Future studies will have to determine the exact value and place of dynamic 
CE-MRA in the EVAR follow-up. A larger study comparing a dedicated MRI protocol 
including dynamic MRA to a CTA based follow-up protocol in patients with MRI 
compatible stent grafts is currently being started at our institution. 
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 Abstract

Background: The processes taking place inside the aneurysm sac after exclusion 
from blood fl ow by placement of an endoprosthesis into an abdominal aortic 
aneurysm are largely unknown.  

Animal experiments suggest that after endovascular aneurysm repair, the blood 
excluded from blood fl ow by placement of the endoprosthesis forms a thrombus 
which increasingly organizes with time. This process leads to changes in transverse 
relaxation times of the intra-aneurysmal thrombus. Changes in thrombus 
composition evaluated in successive MRI assessments might be a useful new 
parameter in the follow-up after EVAR. The interpretation of changes in thrombus 
composition might give insight in cases of a stable or growing aneurysm sac after 
EVAR without a detectable endoleak. In this study we evaluated T2-weighted and 
pre- and postcontrast T1-weighted MR imaging for assessing thrombus organization 
in patients after EVAR.  

 
Patients & Methods: 20 patients between 2 days and 5.4 years after EVAR were 
examined. Four patients were evaluated twice with at least a 6-month interval. 
Out of our standard MRI protocol three scans; a T1-weighted SE, a T2-weighted 
TSE and a post-contrast T1-weighted SE scan were used for this study. The non-
luminal aneurysm sac was segmented by manually outlining the outer boundary of 
the aneurysm and excluding the lumen. Subsequently voxels inside the aneurysm 
sac were, with use of a semi-automated dedicated software package, classifi ed 
into three categories; endoleak, unorganized thrombus and organized thrombus, 
corresponding to their intensities in the three differently weighted images. Difference 
of means analysis was performed and mean differences in endoleak, unorganized 
and organized thrombus volumes between patients shortly post-operative and 
patients longer postoperative with a growing, stable or shrinking aneurysm were 
compared. 3 patients were evaluated in the fi rst week after EVAR, 8 patients had 
a shrinking aneurysm, 9 patients had a stable aneurysm and 4 patients had a 
growing aneurysm. 

 
Results: For analysis of intra- and interobserver variability, the unorganized 
thrombus volume was used since the variability was largest in this category. The 
intra-observer repeatability coeffi cients of unorganized thrombus volume were 
8.1 cc (9.2%) and 5.8 cc (7.8%) The interobserver repeatability coeffi cient of 
unorganized thrombus volume was 18.2 cc (5.9 % A voxelwise comparison was 
done to compare voxel classifi cation per voxel between the observers. Intra-observer 
voxel classifi cation agreement was 95.1% (3.7%) and 93.7% (5.7%) for observer 1 
and 2 respectively. The mean interobserver voxel agreement was 86% (9.3%). 

Mean relative unorganized thrombus volume was highest (48%) in the three 
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patients directly after EVAR. When comparing the three patient groups with a 
growing, stable or shrinking aneurysm, mean relative endoleak volume was largest 
in the growing group (30%) and smallest in the shrinking group (14%). The stable 
group had the largest relative amount of unorganized thrombus (35% compared to 
17% for the growing group and 29% for the shrinking group). 

Conclusion:  Thrombus organization in patients after EVAR can be reproducibly 
measured by semi-automated voxel classifi cation based on image information from 
three differently weighted MR-images. There seems to be a correlation between 
the thrombus composition of growing aneurysms compared to stable or shrinking 
aneurysms. Further research will have to determine the clinical value of thrombus 
analysis after EVAR. By sequential evaluation after EVAR, thrombus composition 
changes can be followed through time. Thereby revealing information on the 
effectiveness of exclusion. 
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Introduction 
 
After Endovascular Aneurysm Repair (EVAR) fast and accurate identifi cation 

of adverse events is essential. This means that patients need to be monitored 
closely.1-3 The most important parameters are derived from sequential imaging 
studies. In most centers Computed Tomographic Angiography (CTA) is used 
for this purpose.1,4 The presence and origin of endoleak (leakage of blood into 
the aneurysm sac outside the endograft), aneurysm sac size change, stent graft 
migration and graft patency need to be monitored in every successive evaluation.  

After effective exclusion of an abdominal aortic aneurysm by endovascular 
repair the pressure in the non-luminal aneurysm sac, the part of the aneurysm 
sac outside the endograft, falls signifi cantly.5,6 Several studies have demonstrated 
that a successfully excluded aneurysm will start to shrink.7-9 In the process of 
sac shrinkage, thrombus material inside the  aneurysm sac is organized and 
resorbed.10 For this reason, aneurysm sac shrinkage is considered the absolute 
proof of treatment success.  

In approximately 10% of the patients however, the aneurysm sac size remains 
stable or even continues to grow.11-13 Several causes of aneurysm growth after 
endovascular repair have been proposed. The most common cause is endoleak.4,9,14-

17 Aneurysm growth may also occur in the absence of endoleak. This phenomenon 
is called endotension.5,6,18-20 In some of these cases hygromas have been described, 
21 but in most cases the processes taking place in such aneurysms are unknown.   

Pitton et al. demonstrated in a canine model that the intra-aneurysmal 
thrombus after EVAR shows an increasing degree of organization, marked by 
histological changes, which consist of an infl ammatory cell infl ux, angiogenesis and 
an increasing amount of fi brous connective tissue.10 Such changes in thrombus 
organization lead to changes in longitudinal and transverse relaxation times of 
the intra-aneurysmal thrombus. These infl uence signal intensities on T1 and T2-
weighted MR-images.10,22-24 

The aim of this study was to evaluate the use of multispectral MRI scans of 
the intra-aneurysmal thrombus for the assessment of thrombus composition after 
EVAR. Endoleak volume, and organized and unorganized thrombus volumes were 
determined. For this purpose, voxels were classifi ed into the 3 mentioned categories 
using a semi-automated dedicated software package. The voxel classifi cation was 
done by setting three thresholds on the differently weighted MR images. The 
determination of the threshold for each thrombus category, assigned each voxel 
to a category. The reproducibility of the classifi cation method was assessed and 
possible relationships between thrombus appearance and aneurysm size change 
were evaluated. 
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Patients and Methods 
 

Patients 
In the period from March 2001 to March 2003, 20 patients after EVAR were 

evaluated by both CTA and MRI. Out of this group 4 patients were evaluated twice 
with a 6-month interval. Therefore, this study includes 24 evaluations. 4 patients 
were treated with an Excluder endograft (Gore, Flagstaff, AZ, USA) and 16 with an 
Ancure endograft (Guidant EVT, Menlo Park, CA, USA). Institutional review board 
approval was obtained and all included patients signed an informed consent form. 
Patients were randomly selected from our EVAR follow-up program. Median time 
after EVAR was 2.5 years (range 2 days to 5.4 years). The group consisted of 19 
men and one female with a mean age of 76.1 years (range 66– 87).  Median non-
luminal aneurysm volume derived from CT was 151 ml (range 77– 294 ml). 

 
Acquisition Techniques 

All MRI scans were performed on a Philips Intera 1.5-T scanner (Philips Medical 
Systems, Best, The Netherlands). A wrap-around synergy body coil was used as a 
receive coil. The following scans were acquired (fi gure 1): 
•  Transverse T1-weighted spin echo: TR/TE/α= 580 ms/ 14 ms/ 90°, slice thickness 

6.0-mm, FOV 270x385mm2, acquisition matrix 179x256. 30 slices, acquisition 
time 2.30 min. 

•  Transverse T2-weighted turbo spin echo: TR/TE/α= 6146 ms/ 100ms/ 90°, slice 
thickness 6.0-mm, FOV 270x385 mm2, acquisition matrix 179x256, TSE factor 
17, 30 slices, Total acquisition time: 2.21 min. 

•  Transverse post-contrast T1-weighted spin echo (as pre-contrast), after infusion 
of contrast agent (GD-DTPA). 
 

Figure 1. Illustration of appearance of the aneurysm sac in one patient at the same 

anatomical level. a. T1-weighted SE b. T2-weighted TSE c. T1-weighted SE image after 

administration of contrast agent. Direct comparison of the three acquisitions demonstrates 

differences the non-luminal thrombus composition. 

 
In our clinical protocol MRI protocol for follow-up after EVAR, but beyond the 

scope of this study, also two coronal contrast enhanced MR angiography scans 
were made. First a time-resolved contrast-enhanced (CE) MRA scan and after that 
a static CE MRA examination. During the acquisition of these MRA scans a total 
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of 40 ml of Gd-DTPA (Magnevist, Schering, Berlin, Germany) was administered 
intravenously. For the purpose of the presented study only the three described scan 
were used. 

 
Segmentation 

The images were transferred to a Philips EasyVision workstation (Philips 
Medical Systems, Best, The Netherlands). Manual segmentation of the non-luminal 
aneurysm volume was performed on the post-contrast T1-weighted images, since 
these scans allow an easy identifi cation of the aneurysm wall, the thrombus and 
the stentgraft lumen. Segmentation was started on the slice below the lowest renal 
artery and ended at the location of the attachment sites of the endograft in the 
branching iliac arteries. 

 
Image Analysis 

To determine the volume of the thrombus categories (endoleak, unorganized 
and organized thrombus), every voxel in the non-luminal aneurysm sac needed to 
be assigned to a category. Voxel classifi cation was done by determining a greyvalue 
threshold separating low and high signal intensity for each of the three different 
scans. Since the MRI signal is a relative quantity, the thresholds needed to be related 
to a reference value. For each of the three MRI scans, a reference was determined 
by averaging the greyvalues in a region of interest (ROI) in a homogeneous area 
of lumbar fat, drawn on the middle slice in the dataset. Fat was chosen as a 
reference because of its intermediate gray value in all three MRI acquisitions. In 
the dedicated software used for the voxel classifi cation, the three thresholds could 
be set to a certain percentage of the reference greyvalue by using slider bars in the 
user interface. For each scan every voxel in it was attributed either a high or a low 
signal intensity relative to the set threshold. The combination of the three signal 
intensity attributes allowed voxel classifi cation into three thrombus categories. 
For this purpose, a simplifi ed template with relative signal intensities for each 
thrombus category in each MRI acquisition was designed (Table 1), based upon the 
studies by Castrucci et al. and Pitton et al.10,23  

 
Category SI T1w SI T2w SI T1w CE 

endoleak low high high 

unorganized thrombus low/high high low/high 

organized thrombus low low low 

Table 1. Each voxel has three intensities, on the T1w-image, the T2w-image and the 

T1w-image post-contrast (T1w CE). This table shows the combination of intensities needed for 

the different categories. (SI = signal intensity, CE: after contrast enhancement) 
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For example, a voxel showing the combination of low intensity on the precontrast 
T1w scan with high intensities on the T2w and the postcontrast T1w scans, was 
classifi ed as containing endoleak. The results were directly shown as a color 
overlay on the MR-images, which allowed interactive voxel classifi cation. Dedicated 
software (ThrombiX, Image Sciences Institute, Utrecht, The Netherlands) was used 
for voxel classifi cation. The three MRI acquisitions were displayed simultaneously 
in three linked views (Figure 1). 

The three thresholds were set manually by two observers separately. This 
process of voxel classifi cation was done twice by both observers, blinded for their 
own results.  

 
Data analysis 

Patients were divided into three categories; shrinking aneurysm, stable 
aneurysm and growing aneurysm, based on the non-luminal volume change on 
two sequential CT evaluations (the CT evaluation at the time of the MRI evaluation 
and the one made 6-months or one year before). Volume change was defi ned as a 
non-luminal volume change of more than 10% on two sequential CT evaluations, 
based on the intra- and interobserver variability of these measurements.8,25  There 
were three patients who were scanned direct postoperatively. They were considered 
separately. 

Absolute and relative volumes in each thrombus category were compared 
between the patient categories. A pixelwise comparison was done to evaluate intra 
and interobserver agreement. Two experienced observers each performed the voxel 
classifi cation twice. Intraobserver and interobserver reproducibility of the voxel 
classifi cation were evaluated according to Bland and Altman’s difference against 
means analysis, in which the difference of the paired measurements are plotted 
against the average.26 The standard deviation (SD) of the mean difference was 
calculated, and the repeatability coeffi cient (RC) was defi ned as 1.96 times the SD.  

 
Results 

 
Mean differences in absolute unorganized thrombus volume were largest 

between the different observers. Therefore, unorganized thrombus volume 
was used for analysis of intra- and interobserver variability. The repeatability 
coeffi cients for unorganized thrombus volume were 8.1 cc (9.2%) and 5.8 cc (7.8%), 
for the intraobserver variabilities. The inter-observer repeatability coeffi cient 
for unorganized thrombus volume was 18.2 cc (5.9%). For analysis of the intra-
observer and inter-observer variability, the relative volume differences were plotted 
against their mean, as shown in Figure 1. The number of voxels classifi ed the same 
category was used to calculate intra- and interobserver agreement. Intraobserver 
voxel classifi cation agreement was 95.1% (3.7%) and 93.7% (5.7%) for observer 
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1 and 2, respectively. The mean interobserver voxel agreement was 86% (9.3%). 
Results of this voxelwise comparison are displayed in the box plot in Figure 2.  

2 Patients were evaluated in the fi rst week after EVAR, 8 patients had a shrinking 
aneurysm, 10 patients had a stable aneurysm and 4 patients had a growing 
aneurysm. Mean unorganized thrombus volume was highest (55-cc) in the two 
patients directly after EVAR.  

 Organized 
thrombus 

volume (SD)  

Unorganized 
thrombus volume 

(SD) 

Endoleak volume 
(SD) 

Post-operative group (n=3) 52% (12%) 48% (11%) 0% (0%) 

Shrinking group (n=8) 57% (13%) 29% (12%) 14% (11%) 

Stable group (n=9) 48% (19%) 35% (18%) 17% (19%) 

Growing group (n=4) 53% (8%) 17% (8%) 30% (5%) 

Table 2. The mean relative volumes (volume percentage of non-lumninal aneurysm volume) 

for each thrombus category of the four subgroups of patients measured by one observer. The 

standard deviation of the mean is displayed in brackets. 

 
When comparing the three patient groups with a growing, stable or shrinking 

aneurysm, mean relative endoleak volume was largest in the growing group (30%) and 
smallest in the shrinking group (14%). The relative amount of unorganized thrombus 
in growing, stable or shrinking aneurysm was 17%, 35% and 29% respectively. 
Absolute mean volumes and SD are shown in table 2. The relative volumes of 
aneurysm composition for each patient category are displayed in Graph 3. 

Graph 1. Bland and Altman difference of means analysis plot of inter-observer variability 

of volume classifi ed as unorganized thrombus (horizontal lines represent the repeatability 

coeffi cient; mean +/- 1.96 SD). Volumes represented as percentage of non-luminal aneurysm 

volume. 
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 Discussion 
 
Shrinkage is considered to be a measure of effective aneurysm sac exclusion. In 

the follow-up of patients after EVAR, the vascular surgeon and the radiologist make 
use of this process by tracking the size change overtime. Aneurysm sac shrinkage 
does not necessarily start directly after exclusion.27 Late endoleak or late aneurysm 
sac enlargement are likely to accompanied by changes in thrombus composition. 
In a group of patients after EVAR the aneurysm does not shrink without having a 
detectable endoleak on CTA examination. The exact nature of the process inside 
the non-luminal aneurysm sac and the speed in which they take place are not very 
well understood. 

In this pilot study evaluation of thrombus organization was introduced as 
possible parameter to monitor aneurysms after EVAR using MRI. MRI has a high 
soft tissue contrast compared to other imaging modalities. This makes MRI suitable 
for assessment of AAA thrombus composition after EVAR.10,23,24  

 

Graph 2. Box plot of similarly classifi ed voxels displayed as percentage of all classifi ed voxels. 

 
The assessment of thrombus organization after endovascular repair of an AAA 

is extremely complex. On one hand this is because the histological substrate of 
these images can normally not be obtained. On the other hand, endoleaks create a 
composite pattern of organized and non-organized thrombus. Moreover in some of 
the excluded aneurysms a hygroma may develop creating an even larger complexity 
of the thrombus organization within the aneurysm sac.28 Evidently, thrombus 
organization is a process of transition.23 Therefore it seems logical to assume that 
serial evaluations of a patient after EVAR will yield the best information on the 
development of the thrombus composition.  
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To create a practical assessment of the aneurysm sac thrombus, the thrombus 
was reduced to three categories; endoleak, unorganized thrombus and organized 
thrombus. This pilot shows that assessment of thrombus organization after 
endovascular repair of an AAA is possible with multispectral MR-images. In this way 
unique data becomes available regarding the process taking place after endograft 
placement.  

 

Graph 3. The volumes relative to aneurysm size of the three different classes 

into which voxels were classifi ed per patient group. Black: the average relative amount of 

endoleak; striped: unorganized thrombus; white: organized thrombus. 

 
The results from MRI evaluation of the non-luminal thrombus were compared 

to size change over time and the presence of an endoleak. In the presence of an 
endoleak (contrast enhancement in the T1 weighted before CE not present in the 
T1 weighted after CE), large parts of the thrombus with high signal intensity on the 
T2 weighted scan indicating more fl uid-like material e.g. unorganized thrombus or 
blood, could be demonstrated without exception. These results are in agreement 
with other studies demonstrating that high signal intensity on the T2 weighted 
image corresponds with non-organized thrombus.10,23,24  

A higher endoleak volume was seen in patients with a growing aneurysm 
compared to the other groups of patients. Unorganized thrombus volume 
constituted a considerable fraction of aneurysm volume in all groups, and was 
highest in the group directly postoperative. Based upon the small number of 
patients in this study, it is not possible to determine a pattern or draw conclusions 
about the clinical relevance of the results. Our results are however, in agreement 
with other studies demonstrating that high signal intensity on the T2 weighted 
image corresponds with non-organized thrombus.10,22,23 These studies support our 
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theory that the use of MRI to evaluate progression of organization over time may 
improve our understanding of the thrombus behavior after EVAR. 

Out method of semi-automated assessment by means of voxel classifi cation in 
multispectral MR images is user-driven. The method has some drawbacks since it 
is operator dependent. This is refl ected in the presented intra- and interobserver 
variability. To improve the technique, automated voxel classifi cation is currently 
being investigated. It is expected to limit human error and considerably reduce or 
even rule out intra- and interobserver variability.  

This pilot study has identifi es a possible new parameter for the follow-up. We feel 
that initial results look promising. Evaluating a large patient group longitudinally 
will give more information on the exact value the analysis of thrombus composition 
over time should take in the follow-up. Sequential MRI evaluation after EVAR might 
hold a predictive value for aneurysm sac enlargement or shrinkage. 
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Summary  
 

•  CTA is the imaging modality of choice in preoperative imaging for EVAR.  
•  Accurate measurements and planning on a graphical workstation will decrease 

the risk of misplacement and inadequate seal. 
•  Postoperatively, a dedicated CTA scan and image post-processing protocol will 

be able to detect most problems. 
•  MRI and MRA techniques after EVAR are more sensitive than CTA for detecting 

endoleaks.  
•  MRI and MRA might in future become the imaging modality of choice after 

EVAR. 
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Introduction 
 
Accurate imaging is mandatory both for the selection of appropriate candidates 

for endovascular aneurysm repair (EVAR) and for follow-up after EVAR.  
The endovascular devices currently available require the assessment of several 

anatomical features of an abdominal aortic aneurysm prior to endoluminal repair.1 
Digital subtraction angiography (DSA), in combination with computed tomography 
angiography (CTA), initially served as the gold standard for making accurate 
preoperative measurements prior to EVAR. Advances in the imaging techniques 
of both CTA and magnetic resonance angiography (MRA) have now made DSA 
superfl uous in preoperative imaging. Many endovascular centres have therefore 
eliminated DSA from their preoperative imaging protocol and use CTA alone.2  

Most centres use a CTA-based follow-up programme. Dedicated follow-up 
in combination with image post-processing is an accurate and sensitive tool for 
monitoring these patients. Magnetic resonance imaging (MRI) and MRA techniques 
have made great progress over the past decade. MRI has an excellent soft tissue 
contrast and a high sensitivity for non-nephrotoxic contrast agents and does not use 
ionizing radiation. In postoperative imaging, MRI has already been demonstrated 
to be an accurate and sensitive method of follow-up.3 The exact role of MRI and 
MRA in preoperative planning has not yet, however, been clearly defi ned. Several 
imaging modalities have been suggested for follow-up after EVAR.4–8 MR has been 
demonstrated to be even more sensitive to endoleak detection.9 For other aspects 
of EVAR follow-up, such as changes in size of the aneurysmal sac and graft patency, 
MR can also be used. Although MR has not yet been accepted as a commonly used 
tool for EVAR follow-up, it is a modality with great potential. 

In this chapter, we will discuss the CTA imaging protocol and the role of MRI and 
MRA in pre- and postoperative imaging for EVAR. Furthermore, we will discuss the 
image post-processing used for CTA and MRA, and highlight the unique advantages 
and disadvantages of each modality for preoperative imaging. 

 
Preoperative Imaging 

 
CTA  

In most centres, spiral CTA has become the gold standard for preoperative 
imaging for EVAR.10,11 High quality preoperative imaging is essential for patient 
selection, endograft sizing and planning. Spiral CTA with image post-processing 
can offer all the necessary information and has obviated the need for DSA. In 
patient selection, sizing and planning, spiral CTA has proven to be superior to two-
dimensional DSA projection imaging.12,13 

We have used the following standardized CTA acquisition protocol. CT scans are 
performed on a Philips AV-EP spiral CT scan (Philips Medical Systems, Best, The 
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Netherlands). The table speed is 5 mm/s with a reconstruction index of 2 mm.  
 

1.  One unenhanced scan is started directly above the level of the celiac trunk and 
continues through the femoral bifurcation bilaterally. At 140 kV/225 mA and 
70 continuous rotations, the entire volume can be scanned in one 50-second 
breath hold.  

2.  One scan is made using 140 ml Ultravist at a rate of 3 ml/s with a delay of 
30 seconds. The scan starts directly above the level of the celiac trunk and 
continues through the femoral bifurcation bilaterally. At 140 kV/225 mA and 70 
continuous rotations again in one 50-second breath hold.  
 
The raw data are sent to a image post-processing workstation for fi nal 

analysis.  

Employing the single breath-hold technique to avoid respiratory artefact 
optimizes the image quality. Patients are asked to hold their breath during scanning 
for as long as possible. Most patients will be able to do this for approximately 30 
seconds. By that time, the aortic bifurcation will have been reached. Motion artefacts 
from this level down are minimal. Modern multi-slice helical CT scanners will be 
able to cover the entire abdomen within 25 seconds, reducing motion artefacts 
even further.14 An additional advantage of multi-slice scanners is that the thickness 
of the slices is smaller and the voxel size becomes more isotropic. This will not 
only increase the effective in-plane resolution because of a smaller partial volume 
effect, but the resolution of reconstructed planes will also improve dramatically 
compared with the resolution in normal spiral CTA.  

In order to evaluate a patient for suitability for EVAR, it is essential to measure 
the diameter and length of the infrarenal aortic neck and both common iliac arteries. 
CTA provides adequate tissue contrast by which lumen, mural thrombus and 
aortic wall can be easily distinguished. These qualities, in combination with image 
post-processing, provide the basis for accurate measurements. Furthermore, it is 
important to depict the amount of thrombus and calcium in the infrarenal neck, 
common iliac arteries and external iliac arteries (Fig. 1). In contrast with DSA, CTA 
gives an excellent depiction of thrombus as well as calcium in the vessel wall.  

For endograft sizing, aortic length and diameter are needed. Depending on these 
measurements, the right confi guration (suprarenal, aorto-uni-iliac or bifurcated) 
of endograft can be chosen. This can be done using commercially available image 
postprocessing software on clinical workstations.  

The last step in preoperative imaging is planning the intervention. In most 
abdominal aneurysms, the aorta is elongated and tortuous. This may result in a 
more diffi cult introduction through one of the iliac systems or in a complicated 
graft delivery owing to a very angulated infrarenal neck. In a three-dimensional 
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model of the aortic lumen, the right angulation and rotation of the C-arm during 
the intervention can be assessed (Fig. 2). The origin of the most distal renal artery 
is essential for precise placement of the proximal attachment system.15   

 

Figure 1. (a) Axial computed tomography angiography (CTA) slice a the level 

of the infrarenal aortic neck showing partial wall calcifi cation. (b) Axial CTA slice 

at the level of the common iliac arteries. CTA and MRI for endovascular 

aneurysm repair. 

 
Figure 2. Shaded surface display of the aortic lumen, main side braches and 

intraluminal thrombus. (a) Anteroposterior view. (b) Lateral view.  

 
For placement of the distal attachment systems, the origin of the hypogastric 

artery is important. In our experience, setting the rotation and angulation of the 
C-arm based upon preoperative measurements taken from the three-dimensional 
model results in precise placement of the endograft without losing precious 
millimeters in the proximal and distal seal zones.15

Most of the drawbacks of CTA are confi ned to the post-procedural follow-up. 
The life-long surveillance after EVAR results in a high cumulative load of ionizing 
radiation. In addition, the repeated load of contrast agent is undesirable in this 
group of patients, in whom renal insuffi ciency is not uncommon.  
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MRI and MRA  
MRI and MRA have made a tremendous leap forward in the past decade. New 

developments in magnetic resonance hardware have made it possible to scan more 
quickly at a high resolution. MRA techniques that make use of gadolinium-based 
contrast agents allow fast three-dimensional imaging of the abdominal aorta, its 
branches and the iliac arteries. Gadolinium is not nephrotoxic so MRA poses no 
risk of inducing further renal insuffi ciency.16 

However, to extract all the necessary information from MRI data for patient 
selection, sizing and preoperative planning, several scans need to be acquired. We 
have optimized and used the following protocol. MRI/MRA scans are performed on 
a Philips Intera 1.5-T scanner (Philips Medical Systems, Best, The Netherlands). 
For all scans, a quadrature wrap-around synergy body coil is used as a receiver 
coil. Patients are placed head fi rst into the scanner, and, after the initial survey, the 
following scans are acquired (the total examination time being approximately 20 
minutes):  

 
•  T1-weighted spin echo (transverse orientation): TR/TE/α= 580 ms/14 ms/90°, 

slice thickness 6.0 mm, FOV 270x385 mm2, acquisition matrix 179x256, total 
acquisition time 2.30 seconds;  

•  T2-weighted turbo spin echo (transverse orientation): TR/TE/α= 6146 ms/
100ms/90°, slice thickness 6.0 mm, FOV 270x385 mm2, matrix 179x256, TSE 
factor 17, total acquisition time 2.21 seconds;  

•  three-dimensional contrast-enhanced (CE) MRA (sagittal orientation): TR/TE/
α= 8.5 ms/2.1 ms/45°, slice thickness 3.0 mm, FOV 360x450 mm2, matrix 
154x512, total acquisition time 28 seconds;  

•  post-contrast T1-weighted spin echo (transverse orientation, as pre-contrast).  
For the three-dimensional CE-MRA, 25 ml of gadolinium contrast agent is used 

at a rate of 2.0 ml/s followed by 20 ml of saline solution at a rate of 1.5 ml/s.  
A simple high-resolution, three-dimensional CE-MRA is insuffi cient (Fig. 3). 

Such a scan can provide an excellent depiction of the aortic lumen and all the 
patent side branches, but, because of the pronounced T1-weighting of this scan, the 
intrinsic tissue contrast is minimal. Exact measurements of the aortic infrarenal 
neck cannot be made on this scan unless part of the T1-weighting is given up. 
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Figure 3. Maximum intensity projection (MIP) of a contrast-enhanced magnetic resonance 

angiography scan of a preoperative abdominal aortic aneurysm. (a) Anteroposterior view. (b) 

Lateral view.  

 
The vessel wall and thrombus are not clearly distinguishable, and just measuring 

the lumen is insuffi cient. Additional non-contrast-enhanced transverse T2-weighted 
turbo spin echo and T1-weighted spin echo MRI scans are necessary. In particular, 
a T1-weighted post-contrast scan is very well suited to patient selection and sizing, 
provided the voxel dimensions and the slice thickness are comparable to those 
derived from CTA. This scan provides a good contrast between lumen, thrombus 
and vessel wall.  

The maximum intensity projections (MIPs) of the CE-MRA are ideally suited 
to operative planning and predicting the best rotation of the fl uoroscope during 
the intervention (Fig. 4). The MIP images of the three-dimensional CE-MRA are 
comparable to those of a three-dimensional DSA. It allows the same assessments as 
DSA: (1) the length and angulation of the neck of the aneurysm; (2) any associated 
renal artery stenosis, (3) iliac artery tortuosity or stenosis; (4) the patency of 
the internal iliac arteries; and (5) the luminal diameter of the iliac vessels and 
external iliac arteries. A drawback of MRI and MRA is, however, that calcium is not 
depicted. This can be problem in a tortuous iliac system or a short aortic neck. In 
our opinion, MRI and MRA techniques are not the imaging modality of choice for 
preoperative patient selection and the planning of endovascular repair. Raw MRI 
and MRA data can be sent to an image post-processing workstation for accurate 
measurements and detailed analysis.  

 
Image post-processing in the preoperative analysis  

 
The processing of the acquired images, be they from CTA, MRI/MRA or even 

ultrasound, is essential in the preoperative analysis of a patient. Measuring from 
hard copies of a scan is inaccurate and will lead to incorrect patient selection and 
sizing.  
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Figure 4. Maximum intensity projection (MIP) of a magnetic 

resonance angiography scan focused on the aortic neck. 

The projection is angulated and rotated until the best view 

of the origin of the distal renal artery is obtained. Note: 

the direction of the projection is indicated within the circle. 

The exact number of degrees can be obtained using the 

graphical workstation.  

 
For example, an angulated neck will look wider on an axial slice than when 

measurements are taken perpendicularly to the central lumen line (Fig. 5). 
Furthermore, the window level and width of an axial slice on a hard copy is fi xed, 
making it diffi cult to distinguish lumen from calcium. Using a higher level, the 
amount of calcium is easily assessed.  

In order to minimize peroperative as well as postoperative complications, no 
compromises can be made in the work-up. Inaccurate measurements can lead to 
inappropriate placement or use of the wrong size endograft. This can lead to an 
endoleak, graft migration or covering of one of the renal or hypogastric arteries.  

Our processing is currently performed on a Philips EasyVision workstation, 
release 4 (Philips Medical Systems, Best, The Netherlands). Image post-processing 
can, however, be carried out using several commercially available programs. 
The image post-processing options of cine mode, multiplanar reformatting, MIP 
and three-dimensional shaded surface reconstructions (Fig. 6) are useful in the 
assessment of an abdominal aortic aneurysm.  

 

Figure 5. (a) Axial cross-section through the infrarenal neck. (b) Sagittal reconstruction 

showing an angulated neck.(c) The same neck in a plane perpendicular to the central lumen 

line.  

 
Post-processing begins by stacking the individual slices, the resulting series 

then being displayed in a movie-like fashion. This cine mode is interactive and 
allows the viewer to move the cut plane up and down perpendicularly to the slice 
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direction. In CTA, T1-weighted and T2-weighted MRI scans, this will be along the 
vertical body axis; in CE-MRA, it will be perpendicular to the coronal plane. The 
up and down movement specifi cally facilitates the interpretation of side branches 
and tortuosity.  

Using this cine mode, a large proportion of aneurysms are excluded for EVAR at 
an early stage based on rough estimates of the diameter, length and quality of the 
infrarenal aortic neck. In addition, extension of the aneurysm into the iliac arteries 
and excessive calcifi cation of the access arteries makes the aneurysm unsuitable 
for EVAR without further measurement.  

 

Figure 6. Three-dimensional shaded surface display after manual segmentation of the 

T1-weighted scan on the Philips system. (a) Anteroposterior view. (b) Lateral view.  

 

For aneurysms that are not excluded on the basis of the axial slices in cine 
mode, a more detailed analysis is necessary to obtain exact measurements of 
diameter and length. Multiplanar reconstruction (MPR) simultaneously displays the 
aneurysm in the axial, sagittal and coronal planes. Using MPRs, a curved line can 
be drawn following the centre of the vessel lumen (central lumen line). Reformats 
perpendicular to this line (curved linear reformats) allow an exact measurement of 
the vessel lumen in a plane perpendicular to that of the vessel axis. In addition, the 
relative metrical positions of the perpendicular reformats allow length measurement 
of the vessel segment along the central lumen line. This method is comparable to 
length measurements using DSA with a calibrated catheter but with the advantage 
that post-processing of the CTA data allows the operator to position the central 
lumen line. This can be considered to be equivalent to the calibrated catheter in 
any desired position.  

MIP uses the density of the pixels in the reconstructed slices to compose two-
dimensional projections of the stacked slices. As such, angiography-like images 
can be produced from any desirable viewpoint. MIPs are particularly useful for a 
quick evaluation of the iliac arteries.  

Three-dimensional reconstructions provide virtual images of the vessel and 
selected other structures. The basic principle underlying the generation of these 
three-dimensional reconstructions is the selection of voxels with a density above 
than a certain threshold. This process is called segmentation by thresholding. The 
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complete spiral dataset, with a wide range of densities, is reduced to a binary set 
of voxels being either displayed or hidden. Mathematical manipulation of these 
selected voxels adds the illusion of depth by generating shaded surfaces on the 
selected object. Three-dimensional shaded surface reconstructions can be obtained 
by semi-automatic and manual segmentation of the lumen and thrombus. This is a 
labour-intensive method and not really necessary for endograft sizing.  

Once a patient has been accepted for endovascular grafting, these three-
dimensional images are useful for determining the surgical plan. By viewing and 
rotating the aneurysm in any direction, the tortuosity of the access arteries and 
angulation of the aortic lumen can be appreciated.  

Prefabricated three-dimensional shaded surface reconstructions of lumen, 
thrombus and calcium can be obtained commercially after submission of the raw 
CTA dataset (Preview, Medical Media Systems). With this system, the most suitable 
endograft can be chosen by simulating the endograft in the three-dimensional 
surface image of the aneurysm on the computer screen.  

 
Postoperative imaging  

 
After EVAR, patients need to be monitored for life because the long-term 

durability and outcome of this treatment are still unknown.17,18 

 
CTA  

In most centres, CTA is currently used for the follow-up of patients after 
EVAR.19–22 Endoleak detection, change in size of the aneurysmal sac, size and type 
of endoleak, graft migration and endograft patency are the most important aspects 
of the EVAR follow-up.23,24 

In order to have the highest sensitivity for endoleak detection, size change and 
other parameters, a dedicated CTA scan protocol must be used. Our CTA scan 
protocol consists of:  
1.  a non-contrast-enhanced scan starting at the diaphragm; slice thickness 10 

mm, table speed 10-mm, reconstruction index 10-mm, 120 kV, 100 mA fi lter 5 
and FOV 250;  

2.  a CE-CTA using 140 ml of Ultravist at 3 ml/s on a 30-second delay; slice 
thickness 5-mm, table speed 7 mm/s, reconstruction index 3-mm, 120 kV, 250 
mA, fi lter 4 and FOV 250;  

3.  a delayed CT scan after 2 minutes after the CE scan; slice thickness 10 mm, 
table speed 10-mm, reconstruction index 10-mm, 120 kV, 100 mA , fi lter 5 and 
FOV 250;  

4.  a delayed CT scan after 4 minutes after the CE scan; parameters as in scan 3.  
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Evaluation consists of a comparison between the non-contrast-enhanced scan 
and the other scans. This is best done on a separate image processing workstation, 
as described earlier. The use of delayed series has been shown to be an effective tool 
to trace small type II endoleaks. A fundamental problem of endoleak classifi cation 
on CTA images is, however, that they provide only non-dynamic information, so 
classifi cation is based solely upon the location of the endoleak. Absolute proof can 
be obtained only by a dynamic imaging study.  

An essential part of our follow-up is the tracking of size change by volume 
measurements of the non-luminal aneurysm sac. Volume measurements have been 
shown to be more sensitive to size change than are measurements of diameter.13 

These volume measurements are obtained by a process of manual segmentation of 
the lumen and total aneurysm volume on a separate graphical workstation.  

On the downside, endoleak detection with CTA can be diffi cult because of the 
relative insensitivity of this technique compared with the use of iodinated contrast 
agent. Even using the most sophisticated CTA protocols, endoleaks may be 
missed.22,25 There is a signifi cant number of patients with a growing aneurysmal 
sac after EVAR who do not have a detectable endoleak on CTA or conventional 
angiography.26 In some of these patients, this might be due to a hygroma-like 
process.27 In others, it is possible that CTA is not sensitive enough. Super-selective 
DSA is reserved mainly for specifi c cases and cannot be used routinely for 
surveillance because of its invasive nature.28 The evaluation of sac size change, 
by using diameter or volume measurements, can be diffi cult on CTA as well. The 
only moderate amount of soft tissue contrast does not always allow an accurate 
demarcation of the aneurysmal wall, especially in infl ammatory aneurysms. 
Another limitation of CTA is the diffi culty of detecting stenosis in the endograft. 
MIPs depict not only the endograft lumen, but also calcium, bone, metal and other 
signal-intense tissues, making any appreciation of the lumen diffi cult.  

 
MRI and MRA  

MRI might be more appropriate for follow-up after EVAR than CTA because of 
its excellent soft tissue contrast, its inherent three-dimensionality and its extreme 
sensitivity to gadolinium contrast agent. Moreover, the signal loss resulting from the 
metallic stent and calcium cannot be confused with contrast agent and are therefore 
less disturbing in low-artefact metals such as nitinol or tantalum. The absence of 
ionizing radiation and the ability to use a non-nephrotoxic contrast agent give MRI 
an additional advantage over CTA in EVAR follow-up.3,9,29,30 Furthermore, recent 
developments in magnetic resonance hardware, such as SENSE (parallel imaging) 
and ultra-fast gradient systems, have made fast dynamic scanning possible. These 
techniques have the potential to depict the contrast dynamics in and around the 
aneurysmal sac and might therefore be of use for determining the origin of an 
endoleak and assessing endograft patency.  
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In addition, the excellent soft tissue contrast of MRI can be used to detect local 
variations in thrombus consistency on T1- and T2-weighted images, as described 
by Castrucci et al.31 Hygroma-like processes, as described by Risberg et al.,27 could 
also be revealed in this way. The clear liquid-like material from the hygroma will 
have high signal intensity on T2-weighted images, in contrast to older organized 
thrombus.  

We have developed a postoperative magnetic resonance scan protocol in order 
to evaluate all aspects of post-EVAR follow-up. All magnetic resonance scans were 
performed on a clinical 1.5-T scanner (Gyroscan NT, Philips Medical Systems, 
Best, The Netherlands). A quadrature wrap-around synergy body coil was used as 
receive coil. All examinations started with localizer scans, after which the following 
diagnostic scans were acquired:  

 
1.  transverse T1-weighted spin echo: TR/TE/α = 580 ms/14 ms/90°, slice thickness 

6.0-mm, FOV 270x385 mm2, acquisition matrix 179x256, total acquisition time 
2.30 seconds; 

2.  transverse T2-weighted turbo spin echo: TR/TE/α = 6146 ms/100ms/90°, slice 
thickness 6.0-mm, FOV 270x385 mm2, matrix 179x256, TSE factor 17, total 
acquisition time 2.21 seconds;  

3.  coronal dynamic, three-dimensional CE-MRA using SENSE factor 2 
(approximately 6.5 seconds per volume): TR/TE/α = 4.0 ms/1.3 ms/50°, slice 
thickness 4.0-mm, FOV 360x450 mm2, matrix 154x256, 10 dynamic volumes 
with breath-hold technique for as long as the patient can hold his or her breath, 
20 ml contrast agent administered;  

4.  coronal, three-dimensional CE-MRA: TR/TE/α = 8.5 ms/2.1 ms/45°, slice 
thickness 3.0-mm, FOV 360x450 mm2, matrix 154x512, total acquisition time 
28 seconds with breath-hold technique, 20 ml contrast agent administered with 
a pre-determined delay;  

5. transverse, post-contrast, T1-weighted spin echo (as pre-contrast);  
6.  transverse, post-contrast, T1-weighted spin echo: TR/TE/α = 580 ms/14 ms/90°, 

slice thickness 3.0-mm, FOV 270x385mm2, acquisition matrix 179x256, total 
acquisition time 4.26 seconds.  
 
A total of 40 ml of gadolinium is administered. The reconstructed source images 

are sent to a separate image post-processing workstation for accurate evaluation.  
The combination and especially the comparison of these scans result in high 

sensitivity for endoleaks. For this purpose, we mainly use the T1-weighted pre-
contrast and the T1-weighted post-contrast scans (Fig. 7), the only difference 
between the two scans being the 40 ml of contrast agent administered in scans 
3 and 4. For exact determination of the type of endoleak, the three-dimensional 
CE-MRA in combination with the dynamic CE series can be very helpful. The 
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dynamic CE scan results in 10 three-dimensional volumes, 4.5–6.5 seconds after 
each other, depending on the required coverage. The added temporal resolution 
can provide ultimate proof of the site of infl ow of an endoleak, obviating the need 
for additional diagnostic DSA. Interpretation of the acquired images is, however, 
time-consuming and diffi cult. In order to have this temporal resolution, some of 
the spatial resolution has to sacrifi ced compared with the static CE-MRA scan. The 
evaluation of size change can best be made on the second T1-weighted post-contrast 
scan (scan 6). Because of the smaller voxel dimensions, there is less partial volume 
effect, and segmentation of the non-luminal volume is more accurate. The T1-
weighted scans, in combination with the T2-weighted scan, can provide an insight 
into thrombus organization in the aneurysmal sac and thereby the effectiveness of 
exclusion.31 

 

Figure 7. (a) T1-weighted spin echo image before contrast enhancement. (b) T1-weighted 

spin echo image after the administration of contrast agent, taken in the same patient and 

in the same geometrical position. As the only change occurring between these scans was the 

administration of contrast agent, the only difference between the images is the contrast agent. 

 
Image post-processing after EVAR  

 
The processing of the acquired images of patients after endovascular repair 

is not very different from the pre-procedural image post-processing. CTA or MRI/
MRA data are loaded on to a separate graphical workstation. Again, measurements 
from hardcopy scans are inaccurate and lead to decreased sensitivity to treatment 
failure.  

The following image post-processing options are useful in the assessment of 
an abdominal aortic aneurysm after endovascular repair: cine mode, multiplanar 
reformats and segmentations of the lumen and the non-luminal aneurysmal sac.  

Post-processing begins by the cine mode and allows the viewer to browse 
through the acquired images in order to become familiar with the gross anatomy 
and to detect possible problems for the extended evaluation. Using this cine mode, 
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extreme tortuosity of the iliac arteries or endoleaks can be evaluated.  
In the MPR, the central lumen line is drawn for a more detailed analysis and 

for accurate measurements of diameter and length. Curved linear reformats allow 
accurate measurement of the aneurysmal diameter in a plane perpendicular to that 
of the vessel axis. Curved linear reformats allow accurate length measurements 
as well as being used for the evaluation of graft migration and aneurysmal 
deformation.  

Manual segmentations of the contrast-fi lled lumen and non-luminal thrombus 
provide the most sensitive way of evaluating size change over time.13 As stated 
earlier, this is a labour-intensive method but is of great value in the follow-up 
programme.  

 
Conclusions  

 
•  CTA is the imaging modality of choice in preoperative imaging for EVAR. All 

the necessary aspects of patient selection, endograft sizing and planning can be 
carried out on these images, provided that a standardized, accurate image post-
processing protocol is used.  

•  Accurate measurements and planning on a graphical workstation will decrease 
the risk of misplacement and an inadequate seal.  

•  Postoperatively, a dedicated CTA scan and image post-processing protocol will 
be able to detect most problems.  

•  MRI and MRA techniques after EVAR are more sensitive than CTA for detecting 
endoleaks.  

•  MRI and MRA might in future become the imaging modality of choice after 
EVAR.  
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Endovascular abdominal aortic aneurysm repair (EVAR) is a less-invasive 
alternative to conventional AAA repair. Although EVAR was shown to have a 
lower perioperative morbidity and mortality and a shorter ICU and hospital stay 
than conventional surgical treatment, the annual reintervention rate after EVAR 
is relatively high. It has been shown to reach approximately 18%.1 Because of 
this, fast and accurate identifi cation of adverse events is essential.1,2 This means 
that patients need to be monitored closely after endovascular abdominal aortic 
aneurysm repair. 

Imaging techniques play a key role in the EVAR follow-up. The most important 
parameters monitored after EVAR are the aneurysm size and the presence of 
endoleaks. Currently, computed tomographic angiography (CTA) is the most 
commonly used imaging modality for EVAR follow-up. Important advantages 
of CTA are its wide availability and relatively low costs. The most important 
disadvantages are the need for ionizing radiation and iodinated contrast agent. 
Magnetic Resonance Imaging (MRI) and Magnetic Resonance Angiography (MRA) 
have been advocated as promising alternatives to CTA for post-EVAR follow-up.3-5 
Although there is only limited literature available on the use of MRI and MRA in the 
follow-up after EVAR, it is evident that MRI-techniques have theoretical advantages 
over CTA examination.3-6 Especially the high soft tissue contrast of MRI and the 
high sensitivity for non-nephrotoxic contrast agent give MRI an advantage over 
CTA evaluation. The research described in this thesis was conducted to evaluate 
Magnetic Resonance Imaging (MRI) and Magnetic Resonance Angiography (MRA) 
techniques as an alternative to CTA in the follow-up of patients after EVAR, by 
comparing fi ndings on MRI examination with those obtained in the same patients 
using CTA. The additional value of MRI’s superior soft tissue contrast was also 
investigated. 

Before a clinical follow-up program containing both CTA and MRI/MRA could 
be started, the most suited MRI scan protocols needed to be determined. In the 
literature no dedicated MRI protocol covering all aspects of EVAR follow-up could 
be found. Therefore, based upon the evidence for the additional value of MRI and 
upon local experience with vascular MR imaging, a dedicated MRI protocol for 
evaluation of patients after EVAR was composed, and its performance was tested 
in a patient study by evaluating whether all clinically relevant parameters could 
be extracted from the image data. Detection and classifi cation of endoleaks, 
morphological measurements of the aneurysm sac (diameter and/or volume), 
assessment of thrombus and imaging artifacts were evaluated.  

 MRI of vascular implants containing metallic components poses potential 
problems with regard to image artifacts and patient safety. For this reason 
endograft MRI compatibility issues needed to be studied. A phantom study was 
performed to asses the MRI compatibility of seven of the most commonly used 
commercially available endografts at the time of research. Possible drawbacks for 
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clinical evaluation were studied. Scans of each endograft were evaluated for artifacts 
infl uencing the endograft surroundings and artifacts infl uencing the appreciation 
of the endograft lumen. From the results of this study, it was concluded that for 
most endografts MRI and MRA based follow-up would be an option. However, 
when considering the diagnostic interpretation of the imaging results, artifacts 
caused by the metallic stents should be recognized, as these artifacts can mimic 
stenosis or occlusion of the endograft. For endografts made of nitinol (50% nickel, 
50% titanium), imaging artifacts are mild to moderate and MRI-based follow-up 
is possible, though fully supported stents may show some loss of signal caused 
by RF shielding of their lumen. An MRI-based follow-up of the endografts with a 
stainless steel skeleton was found to be impossible as the extreme disturbance 
of the magnetic fi eld caused by the large susceptibility differences between steel 
and human tissue causes major signal voids and geometrical image distortion. 
Endografts making use of Elgiloy have problems with susceptibility artifacts but 
not as extreme as those encountered with stainless steel. Currently, no Elgiloy 
supported endograft is commercially available anymore. It must however be kept 
in mind that there are still many patients under surveillance with older endografts. 
In fact, in over 30% of the patients included in the Eurostar Registry endografts 
were used that are no longer available.7 Elgiloy supported endografts like the 
Lifepath (Baxter, Morton Grove, IL, USA) and the Ancure (Guidant, Menlo Park, 
CA, USA) were used in only a minor part of the patients in the Eurostar database. 
The Eurostar database contains 150 patients with an Ancure device.7 Specifi c data 
on the Lifepath were not published. 

Today’s endografts are supported by nitinol or stainless steel. The Zenith (Cook, 
Bloomington, IN, USA), supported by a stainless steel skeleton, has an approximate 
market share of 39%. The Excluder (Gore, Flagstaff, AZ, USA), AneuRx (Medtronic 
Vascular, Santa Rosa, CA, USA) and the Talent (Medtronic Vascular, Santa Rosa, 
CA, USA), supported by a nitinol skeleton have a market share of approximately 
55%. From a compatibility point of view, an MRI based evaluation is a viable option 
for nitinol supported endografts. 

Endoleak is considered the Achilles heel of EVAR.8 In order to determine the 
diagnostic value of MRI for endoleak detection a clinical study in which patients 
underwent MRI as well as CT evaluation was conducted. Scans from both modalities 
were evaluated for the presence of endoleaks and for the classifi cation of the type of 
endoleak. Using MRI, an endoleak was detected in 66% of the patients. Using CT, an 
endoleak was detected in 31% of the patients, which is signifi cantly less than with 
MRI. All endoleaks detected on CT were visible on MRI as well. The results of our 
pilot study showed that MRI-techniques are more sensitive for endoleak detection 
than our CTA imaging protocol. Endoleak was identifi ed as an enhancement on 
the post CE T1-weighted SE scan compared to the pre CE T1-weighted SE scan. 
scans As positioning was not altered between the scans. Therefore, these two scans 
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and all MR-parameters were left unchanged, enhancement on the post CE T1-
weighted SE scan can only be caused by contrast deposition. Endoleak detection 
was facilitated by using a direct slice-by-slice comparison. False positive results are 
thereby ruled out. The higher sensitivity for the contrast agent was accompanied 
by a higher accuracy in endoleak classifi cation, and resulted in signifi cantly higher 
endoleak prevalence. We found cases with a shrinking aneurysm sac despite the 
presence of an obvious endoleak on MRI evaluation. The clinical signifi cance of 
these endoleaks cannot be determined from this pilot study. It can be assumed 
that the endoleaks in shrinking aneurysms will have only limited impact on clinical 
practice. Shrinking aneurysm after EVAR, with or without an endoleak, are generally 
not considered to be a threat.9-12 However, aneurysm sac enlargement needs time. 
Therefore, the clinical signifi cance of endoleaks in shrinking aneurysms may not 
be fully appreciated at this moment.  

In clinical practice, a considerable number of patients show sac enlargement 
without a detectable endoleak on CTA. This phenomenon was named endotension. 
Hypothetically, many cases of endotension are actually missed endoleaks, 
particularly those with slow fl ow. In these cases, MRI might be able to show the 
reason for aneurysm sac enlargement. The use of intravascular contrast agents, 
also called blood pool agents, could even enhance MRI’s ability to depict slow fl ow 
endoleaks. Our main conclusion is that the large amount of endoleaks revealed by 
MRI, even in shrinking aneurysms, demonstrates our limited knowledge on the 
process of aneurysm sac shrinkage after EVAR.  

Even with the increased sensitivity MRI offers, still a number of endoleaks 
could not be classifi ed reliably. We argued that incorporation of dynamic 3D 
Contrast Enhanced (CE) MRA into the standard clinical protocol might improve 
endoleak classifi cation. Time resolved or dynamic CE-MRA was compared to non-
dynamic techniques for endoleak classifi cation. It was found that adding temporal 
resolution has additional diagnostic value compared to the non-dynamic protocol 
for pinpointing the site of infl ow of an endoleak. However, because of a compromise 
between scan duration, voxel size and signal-to-noise-ratio, the spatial resolution 
of the dynamic scan was too low to be able to clarify all endoleaks. Receiver coils 
capable of applying higher SENSE factors in abdominal imaging might improve 
both spatial and temporal resolution, but whether the drop in SNR associated with 
these measures is acceptable for diagnostic imaging remains to be investigated. 
Modern multidetector CT scanners are capable of acquiring dynamic series as 
well.13 From our study it can be concluded that dynamic contrast enhanced MRA 
scanning has added value in the classifi cation of endoleaks. Future studies will 
have to determine the exact value and place of dynamic CE MRA in EVAR follow-
up.  

As discussed above MRI has an excellent and adjustable soft tissue contrast. 
Making use of this, differences in thrombus composition in the excluded aneurysm 
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sac can be depicted. We studied the value of MRI for assessment of postoperative 
thrombus organization based on the work by Castrucci et al., who showed that in 
preoperative patients changes in thrombus composition in the aneurysm sac can 
be monitored with use of MRI.14 We hypothesized that thrombus organization in 
the AAA sac after EVAR is a measure of effective exclusion. An effectively excluded 
aneurysm some time after EVAR should theoretically contain no fresh or new 
thrombus, unless there is an endoleak. The development of a hygroma might cause 
a fl uid-like collection in the aneurysm sac as well.15,16 Analysis of multispectral 
MRI acquisitions of the aneurysm sac after EVAR was performed. Such thrombus 
characterization may provide insight in the processes taking place in the aneurysm 
sac after EVAR and may reveal additional information on the quality of exclusion 
(complete or incomplete exclusion from the circulation).17 Since MRI can track 
thrombus histology through time and thrombus histology is expected to be a direct 
refl ection of effectiveness of exclusion, this can be use in the EVAR follow-up. We 
hypothesized that new parameters for follow-up after endovascular aneurysm repair 
refl ecting changes in aneurysm sac contents may be defi ned using multispectral 
MRI data. Semi-automated voxel classifi cation was used for classifi cation of the 
non-luminal thrombus. Each voxel was assigned to one of the following categories: 
organized thrombus, unorganized thrombus or endoleak. As expected, patients 
evaluated directly after EVAR had signifi cantly more new or wet thrombus in 
their aneurysm sac than patients with a shrinking aneurysm sac. The mean 
relative endoleak volume was largest in the growing group and smallest in the 
shrinking group. The stable group had the largest relative amount of unorganized 
thrombus compared to the growing group and the shrinking group. These results 
are promising, but future evaluation in a larger longitudinal clinical study, which 
allows for analysis of changes in thrombus composition over time, will have to 
demonstrate the clinical value of this new approach. Furthermore, it needs to be 
investigated which parameters describing the thrombus can best be derived from 
the multispectral data to refl ect the status of the aneurysm. 

There are limited data available on the assessment of thrombus composition 
after EVAR.14,17,28 Moreover, the clinical signifi cance of thrombus composition is 
completely unclear. The data described in this thesis seem to indicate a correlation 
between growing aneurysms after EVAR and the relative amount of unorganized 
thrombus as compared with the shrinking aneurysms. In growing aneurysms a 
larger relative amount of unorganized thrombus and a smaller relative amount of 
organized thrombus was found compared to stable or shrinking aneurysms. We 
suspect that the thrombus composition after EVAR may hold information about 
the effectiveness of exclusion before a signifi cant size change can be detected. 
Furthermore, analysis of thrombus composition might help to clarify cases of 
endotension or developing hygroma. The pilot study we have described is too small 
for fi nal conclusions. A large trial with simultaneous CT and MRI evaluations after 
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EVAR is currently being conducted at our institution.  
In Chapters 1 through 6, the focus was on imaging for postoperative evaluation 

of abdominal aortic aneurysms, but imaging also plays an important role in the 
preoperative stage. There exists a wealth of imaging studies on pre-, peri-, and 
postoperative imaging for EVAR. Therefore, it can be diffi cult for the vascular 
surgeon or interventional radiologist to determine the best imaging strategy. In 
Chapter 7 a survey of all imaging considerations before and after endovascular 
aneurysm repair was given. In preoperative imaging for EVAR, CTA is the imaging 
modality of choice. All measurements necessary for patient selection and endograft 
sizing and planning can be done on the basis of CTA images provided a standardized, 
accurate image postprocessing protocol is used. MRI can be used for this purpose as 
well. However, MRI has some inherent disadvantages for preprocedural imaging.18 
Vessel wall calcifi cations are not depicted using MRI. Calcifi cations are considered 
a relative contraindication for endovascular repair. Therefore, MRI’s inability to 
depict vessel wall calcifi cations is an important drawback.19,20 Reported diameter 
measurements are less accurate than those obtained from CTA.18 This problem 
may be solved by decreasing voxel size to allow Central lumen line reconstructions 
with higher resolution. 

We showed that with a dedicated MRI protocol, MRI is more sensitive for 
endoleak detection than CT is. We also showed that the addition of time-resolved 
or dynamic MRA increases MRI’s accuracy for determining the origin of infl ow of 
an endoleak. However, just as MRI, CT has made technological progress. In this 
thesis, the standard clinical CT protocol for evaluation after EVAR available at the 
time of the study was used. The scanner used was a single array spiral CT scanner. 
Nowadays, a standard CT protocol for post-EVAR follow-up should include one, 
but preferable two or more delayed scans. These adaptations probably will not 
increase endoleak detection and classifi cation.21 Multidetector row CT scanners will 
improve partial volume effect but decrease SNR.  The sensitivity of multidetector 
CT for contrast agent is not different from single detector CT. Whether CT will 
be able to approach the sensitivity of MRI remains the question. The additional 
information MRI inherently offers about thrombus composition cannot be obtained 
using CT. 

As expressed by several authors in the literature on EVAR follow-up, there is 
still a quest for the best set of parameters to be followed after EVAR: diameter 
change, volume change, the presence of endoleak, pressure inside the aneurysm, 
aneurysm wall motion or graft wall motion.22-27 Until now, each single parameter 
only offers part of the necessary information. Only long-term studies will be able 
to clarify what the essential parameters for follow-up after EVAR are and how they 
should be interpreted.  
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Nederlandse samenvatting

Endovasculaire behandeling van een aneurysma van de abdominale aorta is 
een relatief nieuwe behandelingsmogelijkheid voor dilaterend vaatlijden van 
de abdominale aorta. Er wordt uitgebreid onderzoek gedaan naar de korte- en 
langetermijnresultaten. Het volgen van de endovasculair behandelde patiënten 
wordt hoofdzakelijk gedaan op basis van beeldvorming. De meeste vaatchirurgen 
maken hiervoor gebruik van herhaalde CT(A) scans om de patiënt in de tijd te 
volgen. Welke waarnemingen en metingen echter daadwerkelijk van belang zijn en 
mogelijk voorspellend voor de individuele patiënt, staat nog ter discussie.

Eén van de meest belangrijke waarnemingen is de aan- of afwezigheid van lekkage 
van bloed in de aneurysma zak. Dit soort lekkage wordt ‘endoleak’ genoemd. Het 
goed in beeld brengen van eventuele endoleak speelt dan ook een centrale rol in 
de postoperatieve beeldvorming. Naast de aan- of afwezigheid van endoleaks wordt 
groei of krimp van het aneurysma na de endovasculaire behandeling ook gezien 
als een essentiële parameter. Krimp van het aneurysma wordt gezien als bewijs 
van effectieve exclusie/uitsluiting van het aneurysma van de bloedstroom. Groei 
wordt echter gezien als een situatie waarin de patiënt nog altijd risico loopt op 
ruptuur. Het aneurysma is dan in de meeste gevallen onvoldoende afgesloten van 
de bloedstroom. Dit kan het geval zijn bij een endoleak maar er zijn ook situaties 
waarbij het aneurysma in volume toeneemt maar er geen aantoonbare lekkage is 
op CT. Aan deze situatie wordt gerefereerd als ‘endotension’. Het is goed mogelijk 
dat een deel van de patiënten met endotension wel een endoleak heeft maar dat dit 
niet af te beelden is met CT.

Aan CT kleven verschillende niet te voorkomen nadelen, zoals nefrotoxisch 
contrast middel en ioniserende straling, die MRI niet heeft. Daarnaast maakt 
het instelbare contrast MRI uitermate geschikt om contrastmiddel deposities en 
weke delen af te beelden. Om deze redenen werd een onderzoek opgezet naar MRI 
voor de beeldvorming na endovasculaire behandeling van het aneurysma van de 
abdominale aorta. Dit proefschrift beschrijft het onderzoek verricht naar de waarde 
en de voor- en nadelen van postoperatieve beeldvorming met behulp van MRI. 

Op basis van de theoretische voordelen van MRI en ons vermoeden dat middels 
CT endoleaks gemist worden, stelden wij de hypothese op dat: (1) MRI gevoeliger is 
voor het detecteren van endoleaks, (2) de gecombineerde informatie van verschillende 
typen MRI scans inzicht zou geven in de processen van thrombusorganisatie in 
de geëxcludeerde aneurysma zak, (3) gebruikmakend van een dynamische MRI 
techniek met contrastmiddel, extra informatie over de origine van een endoleak 
verkregen kan worden.

Gezien het feit dat de mogelijke rol van MRI na endovasculaire behandeling van 
het aneurysma van de abdominale aorta nog niet eerder uitgebreid onderzocht 
en beschreven was, hebben wij de waarde van verschillende MRI scan technieken 
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onderzocht voor een op MRI gebaseerd vervolgonderzoek na endovasculaire 
behandeling van het abdominaal aneurysma van de aorta. De resultaten van deze 
evaluatie zijn beschreven in Hoofdstuk 2. Voor het afbeelden van de verschillende 
aspecten die voor de vaatchirurg van belang zijn in het vervolgen van zijn patiënten 
zijn in dit hoofdstuk de meest bruikbare MRI technieken beschreven. Om een 
waardevolle evaluatie na endovasculaire behandeling te kunnen verrichten is het 
noodzakelijk van verschillende typen MRI technieken gebruik te maken.

 MRI maakt gebruik van een zeer sterk statisch magnetisch veld. Het plaatsen 
van metaal, zoals verwerkt in endovasculaire protheses, in dit magnetisch veld 
kan in potentie gevaarlijk zijn maar ook ernstige verstoringen van de afbeeldingen 
geven. Zulke verstoringen, artefacten genoemd, kunnen tot gevolg hebben dat de 
afbeeldingen niet meer voor diagnostiek gebruikt kunnen worden. In Hoofdstuk 
3 zijn de door metaal veroorzaakte artefacten van de zeven meest gangbare 
commercieel verkrijgbare endovasculaire protheses geïnventariseerd. Op basis van 
deze evaluatie kan worden geconcludeerd dat vervolgonderzoek op basis van MRI 
een mogelijkheid is bij de meeste endovasculaire protheses. Bij endovasculaire 
prothese waarin roestvrij staal verwerkt is zijn de artefacten echter zo ernstig dat 
diagnostische evaluatie van de beelden niet mogelijk is. Bij de meeste protheses 
die geen roestvrij staal bevatten moet er echter nog altijd wel rekening gehouden 
worden met relatief geringe artefacten die verschillende typen metaal kunnen 
geven. Voor bepaalde metaalsoorten kunnen dergelijke artefacten bijvoorbeeld ten 
onrechte de indruk wekken dat de doorgankelijkheid van de prothese belemmerd 
is.

  In een groep patiënten na EVAR werd de gevoeligheid voor het afbeelden 
van endoleaks vergeleken tussen MRI en CT. De resultaten van dit vergelijk zijn 
beschreven in Hoofdstuk 4. De gebruikte MRI technieken bleken signifi cant beter 
te zijn in het afbeelden van endoleaks dan de gebruikte CT technieken. Bij deze 
evaluatie werd vastgesteld dat ongeveer tweederde van de patiënten na endovasculaire 
behandeling van een aneurysma van de abdominale aorta enige vorm van lekkage 
heeft. Deze endoleaks werden bij patiënten net na de endovasculaire behandeling 
maar ook jaren na deze behandeling aangetroffen. Een deel van de endoleaks die 
met MRI afgebeeld werden maar niet met CT, betrof patiënten die wel een aneurysma 
hebben dat in volume afneemt over de tijd. Een dergelijke afname wordt echter 
over het algemeen gezien als een gunstig teken en bewijs van adequate afsluiting 
van de bloedstroom. Of alle aangetroffen endoleaks een signifi cante invloed hebben 
op het klinisch beloop zal een grotere studie moeten uitwijzen. 

 Om de risico’s en eventuele behandelingsmogelijkheden van een endoleak 
goed te kunnen inschatten, is het noodzakelijk om te weten waar het endoleak 
vandaan komt; waar als het ware de bron van de lekkage zit. Met als doel hier meer 
inzicht in te kunnen krijgen werd dynamische MRA met contrastmiddel bestudeerd. 
De resultaten van deze evaluatie zijn beschreven in Hoofdstuk 5. De dynamische 
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MRA scan werd toegevoegd aan het protocol zoals beschreven in hoofdstuk 4. 
Dynamische MRA bleek in staat van verschillende endoleaks de oorsprong te 
achterhalen. De hoeveelheid aan data en de niet-triviale scanplanning bleken wel 
een beperkende factor te zijn voor dit type evaluatie. Technische ontwikkelingen op 
het gebied van MRI onvangstspoelen geschikt voor parallele beeldvorming maken 
het wellicht mogelijk om de temporele en spatiële resolutie van de dynamische 
MRI scan nog verder te verbeteren. Het is te verwachten dat deze ontwikkeling de 
toegevoegde waarde van deze scan nog verder zal verbeteren.

 Over de precieze aard en snelheid van de processen in de geëxcludeerde 
aneurysmazak na endovasculaire behandeling is nog relatief weinig bekend. 
Dierexperimenten hebben laten zien dat er een thrombus ontstaat die in de loop 
van de tijd door het lichaam wordt georganiseerd en geresorbeerd. Preoperatieve 
MRI onderzoeken van patiënten met aneurysmatisch vaatlijden hebben eveneens 
laten zien dat thrombus organisatie vervolgd kan worden met MRI. In het geval van 
patiënten die afwijken van het verwachte beloop na endovasculaire behandeling 
kan de analyse van thrombus samenstelling mogelijk informatie geven over de 
oorzaak en daarmee samenhangende risico’s. In Hoofdstuk 6 wordt de evaluatie van 
thrombus organisatie geïntroduceerd als nieuwe parameter in het vervolgonderzoek 
bij patiënten na endovasculaire behandeling van een abdominaal aneurysma van 
de aorta. Hiervoor wordt gebruik gemaakt van een door ons zelf ontwikkelde 
computerprogrammatuur die verschillend gewogen MRI scans op voxel niveau met 
elkaar vergelijkt. De eerste resultaten laten zien dat een evaluatie van de thrombus 
in het aneurysma op deze manier mogelijk is en dat er op deze wijze mogelijk een 
verband aantoonbaar is tussen thrombussamenstelling en verschillende patiënten 
categorieën. Zo is bijvoorbeeld de hoeveelheid ongeorganiseerd thrombus het 
grootste in de groep patiënten direct na EVAR en is de relatieve hoeveelheid 
endoleak het grootste in de groep patiënten met een groeiende aneurysma zak na 
EVAR. Voordat door thrombusevaluatie verkregen parameters eventueel klinisch 
gebruikt kunnen worden zal er wel een grotere studie noodzakelijk zijn, waarin 
ontwikkelingen in de thrombus in patiënten in de tijd gevolgd worden.

 In Hoofdstuk 7 wordt een overzicht gegeven van alle pre-, per- en 
postoperatieve beeldvormingsmogelijkheden voor endovasculaire behandeling van 
een aneurysma van de abdominale aorta. Keuzes en overwegingen die de vaatchirurg 
hierbij moet maken worden hier beschreven en toegelicht.

 Dit proefschrift moet gezien worden als de beschrijving van een pilot studie 
naar de mogelijkheden van een op MRI gebaseerde evaluatie na endovasculaire 
behandeling van een aneurysma van de abdominale aorta. De studies beschreven in 
dit proefschrift gaven naar ons inzien reden tot nader onderzoek naar de precieze 
klinische waarde van MRI. Een longitudinale studie naar de voor- en nadelen van 
MRI na endovasculaire behandeling van een aneurysma van de abdominale aorta 
wordt momenteel dan ook verricht.
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