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   Preface 

   The management of vascular disease continues to rapidly evolve, embracing 
endovascular and minimally invasive technology. Within this rapid change of 
pace, techniques that withstood the test of time will continue to serve as 
the foundation for newer methods that promise comparable or improved 
 outcomes in a less invasive manner. 

  New Techniques in Surgery Series, Vascular Surgery , is intended to address 
new developments in the management of vascular disease that have been or 
are being developed to address the challenges facing the current techniques 
and technology. These include new developments to improve what is cur-
rently being done or techniques that address the challenges facing the existing 
technology. 

 In aortic surgery, new techniques continue to push the envelope in endo-
vascular repair. Innovative techniques have been developed to deal with short-
necked or juxtarenal aneurysms. Chimneys were devised to deal with short 
necks without resorting to fenestrated grafts. Surgeon-modifi ed fenestrated 
and branched grafts have been improvised to deal with the lack of standard 
off-the-shelf fenestrated grafts. Techniques to deal with iliac aneurysms while 
preserving pelvic perfusion were created to further expand the utilization of 
endovascular repair. Comfort and expertise in endovascular techniques and 
the availability of off-the shelf endografts have allowed the surgeon to offer 
this technique in ruptured aortic and thoracic aneurysms. To further expand 
the endovascular techniques, hybrid procedures have been developed to deal 
with complex thoracic aneurysms, and aneurysms involving the arch vessels 
can now also be treated by endovascular methods. Laparoscopic and robotic 
surgery have also been explored as options to treat aortic pathology in a less 
invasive manner when endovascular repair is not possible, or as an alternative 
to endovascular repair. Similar exciting advances have been developed in all 
aspects of vascular disease, including occlusive disease, venous disease, dial-
ysis access, and thoracic outlet syndrome. 

 To address these evolving techniques, the editors recruited experts 
and  recognized authors to share with the reader their experience and the state-
of-the-art management of vascular disease. This book is not meant to replace 
the traditional vascular textbook; it is intended to be a valuable reference to 
the practicing vascular surgeon on the newest current advancements in vascu-
lar surgery. This book is meant to expose vascular surgeons to currently 
developing techniques that are likely to become, in the near future, standard 
practice in the management of routine and complex vascular pathology.   
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   Introduction 

 Abdominal aortic aneurysms (AAA) affect 
approximately 5 % of men and 1 % of women over 
the age of 60 years, and multiple epidemiological 
studies indicate that the incidence is increasing 
despite improved medical management of certain 
risk factors  [  1  ] . Weakening of the aortic wall due 
to systemic and local pathology combined with a 
genetic predisposition results in progressive wall 
stress and aneurysm dilation. Most AAAs remain 
asymptomatic and undetected, and unfortunately 
without intervention, rupture may occur  [  2  ] . In the 
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  Abstract 

 Nearly two decades after the  fi rst successful endovascular aortic repair 
(EVAR), steady advancements in device technology, deployment tech-
niques, and imaging capabilities have allowed this treatment modality to 
replace traditional open aortic repair as the treatment of choice for patients 
undergoing elective abdominal aortic aneurysm (AAA) repair. EVAR now 
accounts for greater than half of all AAA repairs; however, certain chal-
lenges to EVAR remain including anatomic limitations and graft durabil-
ity. These limitations are now being addressed with new technology and 
deployment modalities. Surveillance and surgical repair remain the pri-
mary focus of therapy for AAA, and this chapter aims to discuss develop-
ments in disease surveillance, interventional techniques, and the evolution 
of endograft devices for EVAR.  

  Keywords 
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USA, AAAs are estimated as the tenth most com-
mon cause of mortality and are responsible for 
approximately 2 % of all deaths  [  3  ] . 

 Since the  fi rst open AAA repair nearly 60 years 
ago, surveillance and surgical repair of AAAs 
remain the mainstay of therapy, with maximum 
aneurysm diameter between 5 and 5.5 cm the 
accepted threshold for repair in average risk 
patients  [  4  ] . It has been nearly two decades since 
Parodi and colleagues pioneered the  fi rst success-
ful endovascular aortic aneurysm repair (EVAR) 
in humans, and with steady advances in device 
technology, deployment techniques, and imaging 
capabilities, this treatment modality has now 
replaced open aortic repair as the treatment of 
choice for patients undergoing elective AAA 
repair  [  5  ] . This evolution has been buoyed by 
large, randomized controlled trials that compared 
morbidity and mortality rates for EVAR vs. open 
AAA repair and demonstrated superior outcomes 
for EVAR (Table  1.1 )  [  6–  10  ] .  

 EVAR now accounts for more than half of all 
AAA repairs, and despite the favorable clinical 
outcomes and patient demand for this less inva-
sive approach to AAA repair, certain challenges 
to EVAR including anatomic limitations and 

graft durability remain and limit its potential 
applicability to some patients  [  11  ] . These limita-
tions are now being addressed with new technol-
ogy and deployment techniques. This chapter 
aims to discuss recent advances in the diagnosis 
and management of AAAs including develop-
ments in diagnosis and surveillance, EVAR 
devices and techniques, and medical manage-
ment of AAAs.  

   Latest Developments in Diagnosis 
and Screening 

 Indications for open aortic repair were originally 
derived from the calculated risk of rupture rates 
based on aneurysm diameter, and this remains the 
mainstay of diagnosis and treatment algorithms 
for AAA. In a review published by the Society 
for Vascular Surgery, compiled data from multi-
ple studies demonstrates very little risk of rupture 
for AAAs less than 5 cm in diameter. Once an 
AAA grows beyond 5.5 cm, however, the increase 
in annual rupture risk rises exponentially to 9.4 % 
 [  12 ,  13  ] . Therefore, current practice mandates 
elective repair for all symptomatic aneurysms 
and AAAs greater than 5.5 cm in diameter  [  4  ] . 

   Aneurysm Screening and Imaging 

 Ultrasonography (US) is the preferred diagnostic 
technique for screening of AAAs as it detects the 
presence of an aneurysm at low cost with sensi-
tivity and speci fi city approaching 100 %  [  14 ,  15  ] . 
Computed tomography (CT) surpasses US in 
reproducibility but its use for routine screening 
and surveillance should be limited due to radia-
tion exposure and expense  [  16  ] . While serial CT 
scanning of AAAs has demonstrated a marginal 
shortening in proximal neck length and a small 
increase in neck diameter as the aneurysm grows 
during surveillance  [  17–  19  ] , early screening with 
CT instead of US fails to capture more patients 
anatomically suitable for EVAR. Therefore, many 
centers forgo CT evaluation until the aneurysm 
size approaches the indications for repair, and CT 
should be primarily used as an imaging modality 

   Table 1.1    Open vs EVAR: randomized trials   

 Endpoint 
 DREAM 
 [  6,   10  ]  

 EVAR-1 
 [  7,   8  ]   OVER  [  9  ]  

  N   345  1,082  881 

 30-day mortality (%) 

  Open  4.6  4.7  2.3 

  EVAR  1.2*  1.7*  0.2* 

 Secondary intervention Rate (%) 

  Open  N/A  1.7  9.2 

  EVAR  5.1*  10.4 

 Long term survival (%) 

  Open  69.9  54  90.2 % 

  EVAR  68.9 (mean 
6.4 years) 

 54 (at 8 
years) 

 93 % (mean 
1.8 years) 

  * P  < 0.05,  N  patients evaluated,  DREAM  Dutch Rando-
mized Endovascular Aneurysm Management trial,  EVAR-
1  United Kingdom Endovascular Aneurysm Repair trial, 
 OVER  Open Versus Endovascular Repair trial (Veterans 
Affairs Cooperative Study Group)  
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for preoperative planning to evaluate the mor-
phology of the AAA, iliofemoral access charac-
teristics, device sizing, and also to detect 
anomalous or unusual arterial anatomy. 

 Asymptomatic patients who should be 
screened for AAA include those with risk factors 
including increasing age, male gender, white 
race, long history of smoking, personal or family 
history of AAA or other vascular aneurysms, 
hypertension, atherosclerotic disease, and hyper-
cholesterolemia  [  4 ,  20  ] . Frequency of surveil-
lance for patients with AAA depends on aneurysm 
size, with 12-month intervals for AAA 3.5–
4.4 cm in diameter and 6-month intervals for 
AAA 4.5–5.4 cm in diameter  [  21  ] . These recom-
mendations are based primarily on  fi ndings from 
the UK Small Aneurysm Trial which also showed 
that growth rate was greatest among smokers, 
lowest in patients with a lower ankle-brachial 
index and diabetes, and was unaffected by lipids 
and blood pressure. A recent European meta-
analysis has demonstrated a signi fi cant decrease 
in aneurysm-related mortality and a 50 % reduc-
tion in the number of emergency operations for 
ruptured AAA after 3–5 years of US screening 
 [  22  ] . Additionally, a multicenter study in the 
United Kingdom by Kim et al. found sustained 
cost-effectiveness and improved survival rates in 
male patients participating in a 7-year US screen-
ing program  [  23  ] . Recognizing these develop-
ments, the USA implemented the Screening 
Abdominal Aortic Aneurysms Very Ef fi ciently 
(SAAAVE) Act in 2007, which provides Medicare 
coverage of screening US for men 65–75 years of 
age who have ever smoked or men and women 
who have a family history of AAA  [  24  ] .  

   Repair of Small AAA 

 Whether patients bene fi t from prophylactic repair 
of smaller aneurysms (i.e., 4–5 cm range) has been 
an area of much debate. Two randomized prospec-
tive clinical trials, the United States Aneurysm 
Detection and Management Study (ADAM) and 
the United Kingdom Small Aneurysm Trial 
(UKSAT), have determined surveillance alone 
every 3 or 6 months for AAA 4.0–5.4 cm in 

 diameter is as effective as elective open surgical 
repair in reducing mortality risk. Most patients, 
however, did eventually require intervention as 
demonstrated by a 10-year follow-up report in 
which 74 % of patients from the surveillance 
cohort had undergone surgical repair  [  12 ,  25–  28  ] . 

 Despite the lack of evidence to support early 
open repair of small AAA, an endovascular 
approach may offer additional bene fi ts. Smaller 
AAAs may be more anatomically amenable to 
EVAR, and in fact, studies have shown AAAs 
less than 5.5 cm in diameter have longer infra-
renal necks, less angulation, less tortuosity, and 
longer iliac landing zones than larger aneurysms 
 [  18 ,  29  ] . In a prospective clinical series of 206 
patients, Arko et al. found no signi fi cant differ-
ence in proximal neck diameter, but that larger 
aneurysms (>6 cm) had 27 % shorter and 15 % 
more angulated proximal necks than smaller 
aneurysms (<5 cm)  [  30  ] . Furthermore, two ran-
domized clinical trials were initiated to evalu-
ate EVAR outcomes vs. surveillance for small 
AAAs: (1) the European-based Comparison of 
Surveillance vs. Aortic Endografting for Small 
Aneurysm Repair (CAESAR) trial and (2) the 
United States’ Positive Impact of Endovascular 
Options for Treating Aneurysm Early (PIVOTAL) 
trial  [  31–  33  ] . 

 The CAESAR trial enrolled 360 (of a planned 
740) patients before the trial ended prematurely 
due to lack of funding and delay in patient enroll-
ment. There was no difference in mortality 
between EVAR and surveillance at 3 years, but a 
surprising 58.2 % of patients required repair even 
at this short surveillance interval  [  34  ] . The 
PIVOTAL trial results demonstrated that in the 
728 (of a planned 1,050) patients with AAA 
(4–5 cm) randomized to receive EVAR vs. ultra-
sound surveillance, mortality did not differ (4.1 % 
in each group) at a mean follow-up of 20 months. 
Aneurysm-related death and time to rupture were 
negligible (0.6 %) in both groups, and this led to 
the early discontinuation of enrollment in the 
study. The patients in the surveillance arm under-
went a rigorous schedule of ultrasound or CT 
scan every 6 months, and nearly one third of this 
group subsequently underwent repair  [  33  ] . The 
number of patients in this study who “crossed 
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over” from the surveillance to the treatment arm 
is consistent with the other large randomized con-
trolled trials comparing early vs. late repair, with 
crossover rates ranging from 27 to 60 %  [  35  ] . 

 Most of the surveillance patients in PIVOTAL 
who crossed over to intervention did so due to an 
enlarging aneurysm  [  33  ] . However, 11 % cited 
anxiety as the primary reason for pursuing treat-
ment. Other studies have documented much 
higher rates: in the ADAM and UKSAT trials, as 
many as 26 and 23 % of patients requested early 
treatment due to “symptoms” or “increased anxi-
ety,” respectively  [  35  ] . The role that quality of 
life measures play in appropriate treatment selec-
tion remains an area of investigation. In summary, 
current recommendations provided by the Society 
for Vascular Surgery state that for aneurysms in 
the range of 4.0–5.4 cm, surveillance followed by 
selective repair is recommended for older males 
with signi fi cant comorbidities; some young 
healthy patients, particularly women, may see 
bene fi t from early repair between 5.0 and 5.4 cm 
 [  4  ] . Future long-term data on these patients 
should help elucidate the bene fi t vs. risk ratio for 
small aneurysm EVAR.   

   Development in EVAR Devices 

 Stent grafts are classi fi ed based on body charac-
teristics (i.e., tube vs. bifurcated, unibody vs. 
modular), means of deployment (i.e., self-
expanding vs. balloon-in fl ated), and mode of 
 fi xation (i.e., active vs. passive). They are pro-
duced from a combination of stainless steel, 
cobalt chromium, or nickel alloys with a durable 
graft material such as Dacron or PTFE  [  36  ] . The 
ideal aortic stent graft is hemostatic, user-
friendly, and contains a low-pro fi le delivery sys-
tem which is  fl exible when maneuvering yet rigid 
enough to resist kinking. The graft material must 
be thin to facilitate a lower pro fi le yet maintain 
low porosity and demonstrate strength and dura-
bility. Finally, the metal frame supporting the 
graft must provide a high column strength and 
durability, maintain resistance to external com-
pression, corrosion and fatigue, and importantly, 
be radiopaque  [  37  ] . 

   Current FDA-Approved Devices 

 The aforementioned requirements, combined 
with the stringent scrutiny of the Food and Drug 
Administration, have led to only 6 of 16 devices 
developed in the past two decades achieving 
approval, one of which was taken off the market 
in March 2001  [  38  ] . Current Food and Drug 
Administration (FDA)-approved EVAR devices 
and their characteristics are listed in Table  1.2 . 
Due to potential problems with distal attachment 
site failure, all current devices are bifurcated 
endografts which allow for distal attachment at 
the level of the iliac arteries. Unibody bifurcated 
grafts (i.e., the Powerlink, Endologix, Irvine, CA) 
are placed as a whole, requiring subsequent 
retraction of the second iliac limb via contralat-
eral access. Modular bifurcated grafts are com-
posed of a main body with a short contralateral 
limb and provide customized intraoperative 
deployment  [  39  ] .  

 The AneuRx (Medtronic, Santa Rosa, CA) 
bifurcated, modular stent graft is composed of a 
nitinol frame and polyester graft material and 
contains no barbs or hooks for main body attach-
ment. Bilateral femoral or iliac access is required 
for the main body and contralateral limb through 
a 21-French (F) and 16–19-F catheter, respec-
tively. The device is currently in its sixth genera-
tion and has the largest cumulative clinical 
experience, with greater than 80,000 endopros-
theses deployed worldwide as of 2010. Though 
the Aneuryx device has certain favorable charac-
teristics such as the potential to treat the smallest 
aortic diameter, concerns for a higher risk of 
device migration remains due to the lack of an 
active proximal  fi xation mechanism  [  39  ] . The 
Talent (Medtronic, Santa Rosa, CA) abdominal 
stent graft is a modular, bifurcated stent of similar 
material that was designed to treat a larger range 
of aortic and iliac diameters, extending its indica-
tions to include AAA with aortic necks from 18 
to 32 mm and iliac arteries from 7 to 22 mm in 
diameter. Long-term follow-up data of the most 
recent generation Talent graft demonstrates com-
parable results to other stent grafts, and its use in 
AAA with short necks (10–15 mm) has provided 
encouraging results at 5-year follow-up  [  40 ,  41  ] . 
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 The Excluder (W.L. Gore, Flagstaff, AZ) graft 
is also a bifurcated, modular stent graft com-
posed of a nitinol frame and PTFE graft mate-
rial with active  fi xation facilitated by anchoring 
barbs. Delivery of the main body and contralat-
eral limbs is made through 18-F and 12-F sheaths 
for the standard diameter grafts. A signi fi cant 
advantage of this device is its relatively low 
pro fi le,  fl exibility, and uncomplicated deploy-
ment system. The  fi rst-generation Excluder graft 
has been implicated in a substantial percentage 
of patients demonstrating aneurysm growth; 
however, later modi fi cations of the graft with 
addition of a lower permeability membrane has 

demonstrated success in arresting AAA expan-
sion and facilitating AAA sac regression  [  39 ,  42  ] . 
Furthermore, the latest version of this device (C3 
delivery system) incorporates a unique feature 
for added deployment control which allows the 
surgeon/interventionalist to partially deploy and 
reposition the device. This feature may prove to 
revise EVAR techniques altogether and certainly 
will expand the anatomic inclusion criteria for 
most operators. 

 The Zenith Flex (Cook Inc., Bloomington, IN) 
endoprosthesis provides suprarenal  fi xation with 
an uncovered proximal stent and  fi xation barbs 
and is available in a wide range of sizes. Due to 

   Table 1.2    Current FDA approved EVAR devices   

 AneuRx  Excluder  Zenith  Powerlink  Talent 

 Manufacturer  Medtronic 
(California, 
USA) 

 WL Gore and 
Associates 
(Arizona, USA) 

 Cook (Indiana, 
USA) 

 Endologix 
(California, 
USA) 

 Medtronic 
(California, 
USA) 

 FDA device 
approval 

 Sept. 1999  Nov. 2002  May 2003  Oct. 2004  Apr. 2008 

 Stent material  Nitinol  Nitinol  Stainless steel  Cobalt chro-
mium alloy 

 Nitinol 

 Graft material  Polyester  PTFE a   Polyester  PTFE  Polyester 

 Proximal 
 fi xation 

 Infrarenal  Infrarenal  Suprarenal  Infrarenal  Infrarenal 

 Proximal 
 fi xation 
mechanism 

 Radial force and 
column strength 

 Anchors and 
radial forces 

 Hooks and 
suprarenal stent 

 Anchors on 
bifurcation 

 Radial force and 
column strength 

 Modularity  Modular 
bifurcated 

 Modular 
bifurcated 

 Modular 
bifurcated 

 Bifurcated 
unibody 

 Modular 
bifurcated 

 Main body size 
(mm) 

 D 20–28, L 135 
and 165 

 D 23–31, 
L 120, 140, 160, 
180 

 D 22-36 b , 
L 82, 96, 111, 
125, 140 

 D 22-34 c , 
L 120, 135, 140, 
155, 175 

 D 22–36, 
L 140, 155, 170 

 Iliac limb size 
(mm) 

 D 12–24, L 85, 
115, 135 

 D 12–20, L 100, 
120, 140 

 D 8–24, L 37, 
54, 71, 88, 105, 
122 

 D 13–25, L 55, 
65, 70, 88 

 D 8–24, L 75, 
95, 105 

 Delivery sheath size (F) 

  Main body  19, 21  18  18, 20, 22  19, 21  22, 24 

   Contralateral 
limb 

 16–19  12  14, 16  9  20, 18 

   Conversion 
device 

 No  No  Yes  No  Yes 

   D  diameter,  L  length 
  a Polytetra- fl uoroethylene 
  b For 36 mm diameter length includes 95, 113, 131, 149 mm 
  c The 34 mm device is a separate component  
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its ferromagnetic exoskeleton, this stent is unsafe 
for magnetic resonance (MR) imaging. 
Deployment is staged, with partial deployment of 
the main body preceding the barbed suprarenal 
 fi xation stent, and is completed with contralateral 
iliac limb followed by full release of the main 
body. Additional steps include removal of the top 
cap, adding the ipsilateral iliac limb, and in fl ating 
the balloon to secure sealing. The Zenith Flex 
provides  fl exibility with suprarenal  fi xation to 
abrogate stent migration and for the potential 
treatment of AAAs with shorter necks. The 
Powerlink device has been available since 2004 
and is a unibody, bifurcated, self-expanding stent 
graft with infrarenal and suprarenal extensions 
available. Its deployment from a distal to proxi-
mal fashion, with  fi xation of the aortic bifurca-
tion preceding suprarenal  fi xation, has the 
potential to prevent device migration and subse-
quent endoleak. Graft migration rates vary from 
4.2 to 7 % and limb occlusion rates ranged from 
1 to 2 %, with improvement once primary deploy-
ment at the aortic bifurcation was implemented 
 [  43–  45  ] . A distinct advantage is the low-pro fi le 
(9F) contralateral limb. 

 While all FDA-approved devices have unique 
features, little signi fi cant difference in EVAR 
outcomes, including endoleak, device migra-
tion, and graft occlusion rates, have been 
de fi nitively determined  [  46  ] . The following sec-
tion describes newer technology currently pend-
ing FDA approval in the USA but that may be 
available in Europe and elsewhere. These devices 
are considered “next-generation” devices aimed 
at expanding the anatomic inclusion criteria for 
EVAR.  

   Next-Generation Devices: Expanding 
the Anatomic Inclusion Criteria 

 EVAR requires certain aortoiliac anatomic crite-
ria for adequate aneurysm exclusion and preven-
tion of complications. On-label use of current 
FDA-approved devices would limit EVAR ana-
tomical inclusion criteria to AAAs with a 10–15-
mm infrarenal neck length, aortic diameter 
 £ 32 mm, angulation <60°, and 7-mm iliac access 

diameter  [  4  ] . Mounting experience with the cur-
rent devices, recognized need to expand therapy, 
and patient demand for this less invasive approach 
to AAA repair have driven industry to develop 
novel “next-generation” devices that either 
improve on the current prototypes or expand the 
anatomic inclusion criteria (Fig.  1.1 ). The most 
frequent anatomic features limiting potential 
EVAR are short and angulated proximal aortic 
necks  [  47  ] . The Anaconda (Vascutek, Terumo, 
Inchinnan, Scotland) and Aor fi x (Lombard 
Medical, Oxfordshire, UK) stent grafts are 
designed to address AAAs with hostile neck 
anatomy, and both are currently in phase II US 
clinical trials.  

 The Anaconda is a unique tri-modular, reposi-
tionable stent graft composed of woven polyester 
with multiple independent ring stents that pro-
vide device  fl exibility. The main body size ranges 
from 19.5 to 34 mm for treatment of AAA from 
16 to 32 mm in diameter. The Anaconda graft can 
be employed in AAAs with highly angulated 
proximal necks due to a saddle shape of the prox-
imal stents: the apex of the convexity lies anteri-
orly-posteriorly and the concavity lies laterally. 
Fixation relies on the radial forces of two over-
lapping proximal components and four pairs of 
hooks, and during the implantation phase, the 
stents spread and  fl atten, moving proximally, 
therefore requiring adequate distance from the 
takeoff of the renal arteries. Two-year follow-up 
in patients with the Anaconda graft has shown no 
correlation of clinical or technical success or sur-
vival with degree of angulation of the proximal 
necks and no incidences of graft migration. Rates 
of proximal endoleak remain relatively high at up 
to 14 %  [  48–  50  ] . 

 Introduced in Europe in 2004, the Aor fi x stent 
graft is a bifurcated or aorto-uni-iliac device 
developed with increased  fl exibility in order to 
acquire greater seal in proximal necks angulated 
greater than 45°. Four double hooks at the proxi-
mal end enhance  fi xation, and during deploy-
ment, pushrods maintain positioning of the 
proximal end of the graft and upon completion, 
the stent graft has a “ fi sh-mouth” shape. Initial 
midterm results in a few small trials from Europe 
have demonstrated acceptable results in hostile 
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neck anatomy, and results from the larger US 
PIVOTAL trial are pending  [  51 ,  52  ] . 

 Iliac artery anatomy must facilitate passage of 
the stent graft delivery system, and iliac tortuosity, 
calci fi cation, and size are all potential limitations 
to EVAR. Even with adequate preoperative imag-
ing and planning, 8–15 % of patients have iliac 
anatomy unsuitable for EVAR  [  53 ,  54  ] . Women 
and patients of Asian ancestry represent two par-
ticularly problematic populations for iliofemoral 
access  [  4 ,  55 ,  56  ] . Two novel devices that have a 
reduced pro fi le to address access challenges, 
while maintaining characteristics of durability 
and  fl exibility, are the Endurant (Medtronic, Santa 
Rosa, CA) and Ovation (TriVascular, Santa Rosa, 
CA) stent grafts. 

 The Endurant is Medtronic’s next-generation 
device which, similar to the Aneuryx and Talent 
devices, is composed of a nitinol polyester fabric 
and nitinol frame but also incorporates a suprare-
nal stent with barbs for active  fi xation. The device 
is highly  fl exible, designed to treat challenging 

neck anatomy, and also reduces the delivery 
pro fi le to 18–20-F outer diameter. It has been 
approved in Europe since 2008 and has been 
recently approved in the USA. The TriVascular 
Ovation stent graft is a tri-modular, suprarenal 
device composed of nitinol stents encapsulated in 
PTFE and maintains the smallest pro fi le of any 
device (14–15-F outer diameter delivery system). 
This device also has a novel seal technology 
which features two in fl atable rings in the proxi-
mal seal zone that are  fi lled with a polymer to 
enhance aortic wall apposition. The TriVascular 
device recently received its CE mark in Europe 
and is currently in a phase II nonrandomized 
multicenter trial in the USA.   

   Advances in EVAR Techniques 

 As medical device companies forge ahead with 
signi fi cant research and development of next-
generation devices, physicians have gained 

  Fig. 1.1    Next-generation devices. ( a ) The Anaconda 
(Vascutek, Terumo, Inchinnan, Scotland); ( b ) the Endurant 
(Medtronic, Santa Rosa, CA); ( c ) the Ovation (TriVascular, 

Santa Rosa, CA); ( d ) the Aor fi x (Lombard Medical, 
Oxfordshire, UK)       
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signi fi cant experience with EVAR techniques 
over the past decade. While feasibility of this 
technology remains limited by some anatomical 
constraints, certain challenges such as dif fi cult 
iliac access, hostile proximal aortic neck anat-
omy, and associated iliac aneurysms can be man-
aged with currently available devices and some 
appropriate technical maneuvers. 

   Dealing with Challenging Iliac 
Artery Access 

 As previously mentioned, a substantial propor-
tion of potential EVAR candidates has iliac artery 
anatomy not ideally suited for delivery of large-
pro fi le devices. Frequently encountered problems 
such as excessive vessel calci fi cation, occlusive 
disease, and tortuosity may be overcome with 
adjunctive procedures such as iliac artery balloon 
angioplasty, endoluminal conduit construction 
(endoconduit), buddy wire techniques, external 
iliac artery straightening via manual extracorpo-
real compression or even retroperitoneal dissec-
tion and traction, and, occasionally, iliofemoral 
bypass conduit construction. 

 For patients with small diameter external iliac 
arteries (i.e., <7 mm), one should use the lowest 
possible pro fi le device, and at times, the use of 
components from different manufacturers may 
be necessary to achieve aneurysm exclusion with 
the minimum pro fi le. Several maneuvers may 
facilitate passage through small, calci fi ed ves-
sels including placement of mineral oil on the 
outer sheath (though the advent of hydrophilic 
sheaths makes this less necessary), sequential 
vessel expansion with gradual dilators, and bal-
loon angioplasty. When performing balloon 
angioplasty, only the smallest pro fi le necessary to 
facilitate passage of the main body of the graft is 
needed (usually an 8 mm balloon), and this ves-
sel segment can often be covered with the stent 
graft or an adjunctive self-expanding stent fol-
lowing device deployment. Though more com-
monly needed for thoracic EVAR (TEVAR), an 
endoconduit may occasionally be the best option 
for safe delivery of the endograft  [  57 ,  58  ] . In this 
scenario, a covered stent or a contralateral limb 

of the device (greater radial force) is deployed in 
the ipsilateral external and common iliac artery 
in a primary fashion, and the graft is then bal-
loon dilated to facilitate passage of the device 
(Fig.  1.2 ).  

 Extremely tortuous iliac vessels may be 
dif fi cult to cross with a stiff wire, even when 
attempting exchange through a catheter, and in 
these scenarios, a “buddy wire” technique may 
be helpful. In this case, leaving a  fl oppy wire and 
catheter in the proximal thoracic aorta will often 
provide enough stability to advance a stiff wire 
through a separate catheter which will straighten 
the tortuous iliac and facilitate passage of the 
device into the aorta. One must be mindful of the 
potential complications caused by the change in 
anatomical con fi guration after vessel straighten-
ing, including upward (i.e., cephalad) torque and 
device migration, and iliac limb kinking and 
occlusion.  

   Management of the Hostile Aortic Neck 

 As mentioned previously, the most frequent ana-
tomic features limiting potential EVAR are short 
and angulated proximal aortic necks, and there is 
no substitute for length with respect to preventing 
endoleak and potential device migration  [  59  ] . 
Greater neck length provides increased seal 
potential, and one of the best ways to maximize 
seal is optimizing graft positioning. This is facili-
tated by the use of preoperative 3D imaging for 
case planning with intraoperative magni fi cation 
and appropriate adjustment of the  fl uoroscopy 
image intensi fi er to facilitate placement of the 
device as close to the renal arteries as possible. 
Future EVAR procedures may be enhanced by 
the use of novel imaging systems such as the 
Artis zeego (Siemens, Erlangen, Germany) which 
is the  fi rst robotically controlled multi-axis imag-
ing system that provides simultaneous angiogra-
phy and large volume 3D DynaCT imaging 
capacity (Fig.  1.3 ).  

 Another technique to maximize the proximal 
seal zone, termed the “endo-wedge,” places wires 
into the renal artery via a proximal brachial 
approach and takes advantage of the proximal 
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scalloped 4 mm of the Excluder device to maxi-
mize seal and achieve aneurysm exclusion  [  60  ] . 
For persistant proximal endoleaks, other options 
include placement of zero-extension aortic cuffs 
and/or balloon-expandable Palmaz (Cordis 
Corporation, Miami Lakes, FL) stents.  

   Iliac Artery Aneurysms 

 AAA-associated common iliac artery aneurysm 
occurs in 35 % of patients evaluated for EVAR, 
and these aneurysms may prevent a suitable seal 
zone in the distal common iliac artery  [  61 ,  62  ] . 

  Fig. 1.3    Artis zeego multi-axis imaging system. Artis zeego multi-axis imaging system (Siemens, Erlange, Germany)       

  Fig. 1.2    Endoconduit for challenging iliac access. ( a ) 
Primary stent graft placement followed by balloon angio-
plasty of a circumferentially calci fi ed stenosis at the iliac 

artery bifurcation; ( b ) balloon angioplasty of the common 
and small diameter external iliac arteries; ( c ) completion 
angiogram demonstrating endoconduit       
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For aneurysms that require unilateral extension 
to the external iliac artery for adequate seal, 
coil embolization of the ipsilateral hypogastric 
artery to prevent endoleak is generally safe  [  4 , 
 53 ,  62  ] . While erectile dysfunction and buttock 
claudication may occur in up to 40 % of patients, 
symptoms usually improve with time  [  63–  65  ] . 
Bilateral iliac aneurysms present a greater chal-
lenge because bilateral coil embolization, even 
in a staged fashion, is not as well tolerated as 
unilateral embolization  [  65 ,  66  ] . Options in this 
setting include internal iliac artery bypass, endo-
vascular repair with an iliac branched device 
(IBD), or endovascular repair using a “snorkel” 
technique (Fig.  1.4 ). This later approach is attrac-
tive because it can be performed with the current 
commercially available devices, but its durability 
remains unknown.    

   Percutaneous EVAR 

 Percutaneous EVAR (PEVAR) is emerging as a 
feasible approach to endograft repair of AAA, 
particularly with advancements in both deliv-
ery and closure device technology  [  67  ] . EVAR 
device delivery systems range in size from 18 to 
24 Fr and generally require external and common 
iliac artery diameters to be at least 7 mm  [  68  ] . 
Typically this is accessed via a femoral cutdown 
procedure in which an oblique incision is made in 
the groin to expose the femoral artery and ensure 
secure closure of the arteriotomy. Complications 
contributed to the groin wound, include pain, 
paresthesias, lymphoceles, wound infection, 
and scarring, which may greatly impact future 
interventions via the groin  [  69  ] . In keeping with 
the minimally invasive approach, percutaneous 
access for EVAR has been used to minimize these 
postsurgical complications and promote earlier 
ambulation and shorter procedure time. 

 The ideal candidate for PEVAR is a nonobese 
patient with noncalci fi ed femoral arteries >7 mm 
in diameter. Femoral access is obtained through 
an ultrasound-guided puncture in the common 
femoral artery at least 1 cm proximal to the origin 
of the profunda femoris artery  [  67  ] . Some authors 
note successful PEVAR in suboptimal femoral 
artery anatomy, including obese patients and 
those with heavily calci fi ed femoral arteries  [  70  ] . 
The procedure is performed using a “pre-close” 
technique in which the arteriotomy sutures are 
placed prior to placement of the large-diameter 
sheath or delivery catheter. This can be achieved 
with off-label use of one Prostar XL (Abbott 
Vascular, Abbott Park, Ill) or two Perclose 
Proglide (Abbott Vascular, Abbott Park, Ill) per-
cutaneous closure devices, and safe closure of 
femoral artery defects as large as 24F has been 
demonstrated  [  71  ] . 

 Several moderate-sized single center studies 
have been published demonstrating acceptable 
outcomes with PEVAR (Table  1.3 ). A prospective, 
randomized controlled pilot study by Torsello 
et al. compared percutaneous closure with the 
10-F Prostar XL to conventional cutdown tech-
nique. In one patient (of 30 total), conversion to an 
open groin incision was necessary due to bleeding 

  Fig. 1.4    “Snorkel” technique for EVAR. Medical illus-
tration of completed percutaneous repair of aorto-bi-iliac 
aneurysm using the branched-graft “snorkel” technique       
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after Prostar device deployment, and three devices 
initially failed (one due to needle de fl ection off 
calci fi ed arterial wall, two due to failure of needles 
to grasp the arterial wall in obese patients), yet a 
second device was deployed without complication 
in all three cases. Postoperative arterial thrombo-
sis occurred in one patient from each study group; 
however, mean operative time and time to ambula-
tion were signi fi cantly shorter in the percutaneous 
closure group  [  69  ] .   

   Aneurysm Surveillance Following 
EVAR 

 Postoperative surveillance is required after EVAR 
to detect and monitor potential complications 
such as endoleak or endotension, persistent  fl ow 
inside the aneurysm sac. Endoleak is the most 
commonly detected complication of EVAR  [  85 , 
 86  ] . While the gold standard for post-EVAR sur-
veillance currently relies on contrast-enhanced 
CT at 1, 6, and 12 months postoperatively with 
subsequent annual follow-up, other less invasive 
imaging modalities as well as protocols are 
emerging  [  86 ,  87  ] . 

 Color duplex US (CDUS) is frequently used 
for post-EVAR surveillance, but its potential 
limitations included high false-negative and 
false-positive results due to re fl ection from 
the metallic graft, calci fi cations, slow- fl owing 
endoleaks, and obesity. Recent prospective stud-
ies have shown contrast-enhanced US (CEUS) 
to be superior to CDUS and a successful alter-
native to contrast-enhanced CT with the advan-
tage of no additional radiation exposure  [  86  ] . 
CEUS relies on contrast agents composed of 
microbubbles which resonate upon interrogation 
with ultrasound and the recent introduction of 
second-generation agents has greatly improved 
their diagnostic accuracy. Advantages of CEUS 
over CT include increased detection capability 
despite high attenuation caused by extensive 
calci fi cation and, occasionally, increased sensi-
tivity to slow- fl owing leaks  [  85  ] . 

 CTA will likely remain a necessary post-
EVAR evaluation in order to ensure accurate graft 
anchoring and integrity, post-repair aneurysm 
regression, and visceral vessel patency, but CEUS 
may well serve as an adequate surveillance tool 
and certainly diminish the number of surveillance 
CTs required. 

   Table 1.3    PEVAR: current literature   

 Cases  Sites closed 

 Complications  Conversions  Technical success 

  N  (%)   N  (%)   N  (%) 

 Krajcer and Gregoric  [  72  ]   57  112  13 (12)  1 (0.9)  56 (98) 

 Eisenack et al.  [  74  ]   500  903  35 (3.9)  16 (1.8)  868 (96.1) 

 Jahnke et al.  [  75  ]   70  132  2 (1.5)  2 (2.9)  127 (96.2) 

 Lee et al.  [  76  ]   292  432  24 (8.2)  20 (6.8)  408 (94) 

 Jean-Baptiste et al.  [  77  ]   19  38  3 (19)  2 (11)  35 (92) 

 Starnes et al.  [  78  ]   49  79  2 (4.1)  5 (6.3)  74 (94) 

 Quinn and Kim  [  79  ]   63  100  8 (12.7)  0 (0)  96 (96) 

 Morasch et al.  [  80  ]   47  94  6 (12.7)  7 (7.4)  87 (93) 

 Torsello et al.  [  69  ]   15  27  1 (6.7)  1 (3.7)  25 (93) 

 Rachel et al.  [  81  ]   62  100  3 (3.3)  24 (24)  76 (76) 

 Teh et al.  [  82  ]   44  82  2 (4.5)  12 (14)  70 (85) 

 Howell et al.  [  83  ]   144  144  0 (0)  8 (5.6)  136 (94) 

 Traul et al.  [  84  ]   17  29  0 (0)  10 (35)  19 (66) 

 Haas et al.  [  67  ]   12  13  0 (0)  0 (0)  13 (100) 
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   Cardiomems Sac Pressure Monitoring 

 Intra-aneurysm sac pressure is one of the primary 
determinants of arterial wall stress and subsequent 
aneurysm expansion or shrinkage. The develop-
ment of minimally invasive implantable telemet-
ric sensors such as the FDA-approved EndoSure 
Wireless AAA Pressure Sensor (CardioMems, 
Atlanta, GA) allows for direct measurement of sac 
pressure without the added radiation or contrast 
exposure. The EndoSure sensor responds to 
changes in surrounding pressure by changing 
capacitance, and this resonance frequency is 
detected by an external antenna via radiofrequency 
impulse  [  88  ] . The device is delivered over a super 
stiff guidewire in the contralateral iliac artery dur-
ing EVAR and positioned inside the aneurysm 
sac, held in place by its surrounding wire basket. 
In the Acute Pressure Measurement to Con fi rm 
Aneurysm Sac Exclusion (APEX) trial, the 
EndoSure sensor demonstrated a sensitivity of 
0.939 and speci fi city of 0.800 for the detection of 
type I or III endoleaks when compared to intraop-
erative angiography  [  89  ] . The Cardiomems is an 
exciting new technology and holds the potential to 
signi fi cantly alter our current post-EVAR surveil-
lance protocols, but its exact role in clinical prac-
tice remains to be seen.   

   Medical Management 

 The current medical management of AAA focuses 
on pathophysiologic contributors to aneurysmal 
disease, speci fi cally hemodynamics, in fl ammation, 
and proteolytic enzymes. First-line therapy always 
includes smoking cessation due to its independent 
association with increased aneurysm growth rate 
 [  20  ] . Unfortunately, beta blockade with propra-
nolol has failed to provide conclusive evidence for 
attenuated aneurysm growth rate  [  90 ,  91  ] . Statin 
therapy, despite a lack of association between cho-
lesterol levels and the expansion rate of AAAs, 
remains a promising and important component of 
therapy due to a proposed reduction in C-reactive 
protein levels, matrix metalloproteinase-9 (MMP-
9) concentration, and in fi ltrating in fl ammatory 
cells  [  92–  96  ] . Additionally, tetracycline antibiotics 

such as doxycycline hold much hope for becoming 
a mainstay of treatment due to their ability to 
inhibit MMP activity and attenuate elastin degra-
dation, leading to dose-dependent prevention of 
aneurysm expansion  [  97 ,  98  ] . In summary, when 
combined with US surveillance, optimum medical 
management for patients with small AAA provides 
a continuum of care prior to de fi nitive repair.  

   Conclusion 

 AAAs remain underdiagnosed and a signi fi cant 
killer of the elderly population. Since the 
introduction of EVAR, the incidence of aneu-
rysm-associated deaths has substantially 
decreased, correlating with an increase in 
elective AAA repair and decrease in repair of 
ruptured AAAs. As device technology and 
operative experience continue to improve, 
EVAR-related complications can be expected 
to decrease. Ultimately, improvements in 
AAA detection and advances in medical man-
agement to retard aneurysm growth remain 
the greatest potential for the next breakthrough 
in AAA therapy.      
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  Juxtarenal and pararenal abdominal aortic aneu-
rysms pose complex problems for vascular sur-
geons involved in their management. Development 
of endovascular repair of aortic aneurysms has 
been associated with low perioperative morbidity 
and mortality, even in high-risk patients. However, 
as many as 45 % of patients have aneurysms that 
are not amenable to endovascular techniques 
based on the instructions for use for each device. 
Exclusion may be because of short, nonexistent, 
or angulated necks precluding adequate proximal 
seal  [  1  ] . Good surgical candidates may tolerate 
the complex open procedure necessary to exclude 
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  Abstract 

 Endovascular aneurysm repair (EVAR) has revolutionized the treatment of 
infrarenal abdominal aneurysms; however, as many as 45 % of aneurysms 
are not amenable to standard EVAR due to inadequate sealing zone or 
involvement of the visceral segment of the aorta. For these patients, 
advanced endovascular techniques have been developed that allow incor-
poration of the visceral vessels into the sealing zone while maintaining 
 fl ow either via stents or with open surgical debranching. Fenestrated tech-
niques are currently available in the USA as part of clinical trial or inves-
tigational device protocols or as “surgeon modi fi cations” for urgent or 
compassionate usage. Successful repair of suprarenal or juxtarenal aneu-
rysms using these techniques requires careful advanced planning based, 
high-quality intraoperative imaging, and a high level of endovascular 
expertise.      
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the aneurysm, but many patients with serious car-
diac, pulmonary, or renal comorbidities are 
unlikely to fully recover from the extensive open 
procedure. These patients may be best served by 
a minimally invasive approach to aneurysm 
exclusion, with the most appropriate treatment 
determined by an experienced surgeon after con-
sideration of each patient’s risk pro fi le. 

   History 

 Since the initial reports of endovascular stent 
grafting for AAA exclusion by Juan Parodi and 
associates in 1991  [  2  ] , there has been signi fi cant 
adoption of endovascular techniques to treat aor-
tic pathology in nearly every subset of patients. 
However, despite advances in almost all aspects 
of endovascular technology including preopera-
tive imaging, wires, catheters, balloons, and 
delivery systems, all available devices are limited 
by the proximal neck characteristics (length, 
diameter, angulation, shape, thrombus lining) 
required to achieve and maintain an effective 
proximal seal  [  3  ] . Of the devices approved by the 
US Food and Drug Administration (FDA) for 
treatment of abdominal aortic aneurysms (Cook 
Zenith [Cook Inc., Indianapolis, IA], Gore 
Excluder [WL Gore, Flagstaff, AZ], AneurRx 
[Medtronic Inc., Santa Rosa, CA], Talent 
[Medtronic Inc.], and Endologix Powerlink 
[Endologix, Irvine, CA]), all must have a mini-
mal proximal neck length of 1.5 cm for adequate 
sealing, except the Talent device, which is 
approved for 1-cm neck lengths. In juxtarenal 
aneurysms where the neck length is shorter than 
these approved lengths, the visceral vessels may 
be incorporated into the proximal sealing zone to 
lengthen this area, a process known as fenestra-
tion. Since the  fi rst reports of AAA repair with 
fenestrated devices in 1996 by Park and associ-
ates  [  4  ] , there have been considerable innovations 
and improvements in this technology as well. In 
geographic regions where devices have been less 
readily available, “hybrid” procedures that com-
bine open debranching procedures with endovas-
cular aneurysm exclusion have been utilized.  

   De fi nitions 

 Aortic aneurysms in the region of the renal arter-
ies are grouped collectively as pararenal aneu-
rysms and further classi fi ed into juxtarenal and 
suprarenal subtypes. There is no universally 
agreed-upon de fi nition of the term “juxtarenal 
aneurysm”; however, it is commonly used to 
describe a complex AAA with either a short 
infrarenal neck or one which encroaches upon 
the renal segment of the aorta. Suprarenal aneu-
rysms involve renal arteries and extend up to the 
splanchnic arteries. Type IV thoracoabdominal 
aortic aneurysms extend to a variable abdominal 
length but always involve the visceral aortic seg-
ment  [  5  ] . Classi fi cation systems have been pro-
posed, but none have gained wide acceptance or 
clinical use  [  6  ] . This lends some ambiguity to the 
terms and makes comparison of clinical studies 
dif fi cult. 

 The terms fenestrated and branched endovas-
cular repair describe two similar uses of the same 
technique. The term fenestrated endovascular 
repair is used when the sealing region of the stent 
graft incorporates branched vessels of the aorta 
itself. In the case of juxtarenal aneurysms where 
the renal arteries arise from normal aorta, there is 
no gap between the device and the target vessel. 
This is contrasted with a branched endovascular 
repair, in which case the target arteries arise from 
aneurismal aorta, and there is a gap between the 
device and the aortic wall at the vessel origin. In 
this case, the device typically incorporates a cuff, 
which facilitates the placement of the branch 
artery stent graft  [  7  ] .  

   Indications 

 Fenestrated stent grafts were originally devel-
oped as a minimally invasive alternative to open 
repair to treat complex aneurysm morphology in 
patients considered to be un fi t or at high risk for 
open surgery. The criteria for treatment with a 
fenestrated device are in evolution as the safety 
and ef fi cacy of available devices and techniques 
are determined. Generally accepted high-risk 
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characteristics include old age, severe medical 
comorbidities, prior aortic reconstruction, and 
the need for suprarenal aortic crossclamping  [  8  ] . 
Currently, there are no FDA-approved fenestrated 
devices approved for general use in the USA. The 
use of the internationally available Zenith fenes-
trated device (Cook Inc.) in the USA is currently 
limited to a few institutions and patients who are 
enrolled in a prospective investigational device 
exemption protocol. Device customization cur-
rently requires a 4–8-week waiting period, which 
has led to advances in techniques for surgeon-cus-
tomized fenestrated stent grafts. This technique is 
described primarily for patients who would not 
be eligible to enroll in one of the prospective tri-
als or who need urgent or emergent repair of their 
aneurysm and cannot safely undergo standard 
open repair  [  9  ] . While this technique has been 
reported to be successful, it is not reimbursable 
currently in the USA.  

   Techniques 

 The technique of fenestrated/branched repair has 
undergone considerable evolution since its incep-
tion. This description represents the current stan-
dards, but it is subject to change as dictated by a 
rapidly improving technique. 

 The most important component of successful 
fenestrated aneurysm repair is careful and accu-
rate advance planning of the procedure and of the 
graft construction. Computed tomography (CT) 
angiography allows measurements of distances 
using centerline of  fl ow analysis and of the clock 
position of the target vessel using axial measure-
ments. The criteria for device implantation are 
essentially unchanged from standard endovascu-
lar repairs. The proximal landing zone must con-
sist of at least 2 cm of normal parallel aortic wall, 
<32 mm in diameter for juxtarenal aneurysms, 
and <38 mm for thoracoabdominal aneurysms. 
The centerline measurement from the top of the 
landing zone to the center of the target vessel ori-
gin is recorded, as are the clock position, orienta-
tion, and diameter of each target vessel origin. 
The device con fi guration can consist of single or 

multiple fenestrations, depending on patient 
characteristics. Small fenestrations (6 mm × 8 mm) 
are preferentially designed for branched stent 
grafts or vessels arising from aneurismal aorta. 
Large fenestrations (8 mm × 10 mm) are used 
preferentially for fenestrated stent grafts, or ves-
sels arising in the proximal seal zone of normal 
aorta. 

 Regardless of the presence of a gap between 
the graft and the aortic wall, all fenestrations are 
bridged with a balloon-expandable stent or stent 
graft to reduce any misalignment between the 
fenestration and the vessel origin. The device 
design for internationally available Cook Zenith 
or TX2 platform fenestrated devices is based on 
these measurements, and customized devices 
based on individual patient speci fi cations are 
available from the manufacturer in 4–8 weeks 
outside the USA. 

 For patients in the USA unable to be enrolled 
in a clinical trial with a manufactured fenestrated 
graft, techniques are available that allow surgeons 
to customize available stent grafts. These tech-
niques are generally offered selectively to patients 
in whom open repair poses prohibitive risk and 
who are unable to travel to a center where a man-
ufactured device is available through a clinical 
trial. These techniques are also being offered on a 
compassionate basis to patients who have impend-
ing or contained rupture and therefore cannot 
wait the required weeks for manufacturer cus-
tomization  [  7  ] . Efforts are ongoing to provide an 
“off-the-shelf” fenestrated or branched device 
which would obviate the need for individual cus-
tomization in time-sensitive situations in a major-
ity of patients  [  10  ] . 

 Surgeon customization of stent grafts is per-
formed in the operating room under sterile condi-
tions. The process generally ranges from 30 to 
120 min. In general, most device modi fi cations 
have used the Cook Zenith or TX2 platform (Cook 
Medical Inc., Bloomington, IN), but modi fi cations 
have also been performed using Talent stent grafts 
and W.L. Gore Excluder stent grafts. Knowledge 
of the grafts, their material components, and their 
deployment and design is critical in determining 
what can be accomplished with each device. 
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The planned fenestrations and scallops are marked 
on the stent graft based on previously documented 
measurements from the centerline of  fl ow analy-
sis. The fenestrations are created with an ophthal-
mologic cautery device to prevent unraveling of 
the graft material. Ideally, the fenestrations should 
be round, but occasionally, the position of stent 
struts dictates a more oval shape. Radiopaque 
markers are used to note the location of the fenes-
trations, and in some cases, longitudinal and 
transverse markers can be used to assist with ori-
entation during deployment. 

 A constraining wire or tie may be used to 
allow rotational and axial movement of the Zenith 
graft during deployment. Some authors have 
described use of the same wire provided to secure 
the uncovered stent into the top cap. This wire 
can be carefully retrieved from inside the device 
and rerouted posteriorly. A series of silk ties are 
then used to collapse each of the Z stents, and the 
device is re-sheathed  [  7  ] . 

 Prior to commencing any fenestrated endo-
vascular aneurysm repair, it is imperative that 
the surgeon has access to excellent imaging 
equipment and a complete endovascular inven-
tory. A wide range of catheters, wires, sheaths, 
stents, and stent grafts may be required to 
safely and effectively complete this procedure. 
Preoperatively, the patient is medically opti-
mized. Consideration for preoperative hydration 
with or without bicarbonate infusion and oral 
acetylcysteine is appropriate in the patient with 
baseline renal insuf fi ciency. Intraoperatively, 
contrast is routinely diluted to 50 % strength 
with normal saline. Attempts are made to mini-
mize contrast administration by using hand 
injections for selective arteriographies. A spinal 
drain should be considered in patients in whom 
extensive aortic coverage will be required or in 
those patients with other risk factors for paraple-
gia including those with prior aortic grafting or 
hypogastric artery occlusion. 

 Graft implantation generally requires bilateral 
femoral and left brachial arterial access. The 
larger femoral artery is generally used for main 
body device implantation, and the contralateral 
femoral artery is used for the target vessels. A 
large sheath is introduced via the contralateral 

femoral artery, and the sheath valve is accessed 
with multiple 5-F sheaths. These sheaths are used 
for selective catheterization of the renal and supe-
rior mesenteric arteries. The target vessels are 
then catheterized using selective contrast injec-
tions. Once all target branches are accessed, the 
main stent graft is oriented and introduced via the 
femoral artery. Via a sheath, a balloon-expand-
able stent graft is introduced into each target 
 vessel after it has been selectively catheterized 
through the stent graft fenestration. Once all 
bridging stent grafts are in place, the main body 
stent graft is fully deployed. The balloon-expand-
able stent grafts are then deployed to pro fi le and 
 fl ared proximally with a balloon. 

 A high level of endovascular surgical exper-
tise is required to safely perform fenestrated pro-
cedures. It is imperative that the surgeon be facile 
with salvage or “bail out” maneuvers that may be 
required for device design or deployment errors. 
Access to the target vessel cannot always be 
regained when signi fi cant misalignment occurs. 
Some authors describe the use of a  fl ush catheter 
left between the main aortic stent graft and the 
aortic wall during the entire procedure. In the 
case of device misalignment, this catheter may be 
exchanged for a balloon, allowing enough space 
for wire and catheter manipulation to make cath-
eterization of the target vessel possible  [  9  ] . Use 
of microcatheters, microwires, and a variety of 
catheter shapes may be necessary. 

 In selected patients, it may be helpful to per-
form a debranching procedure prior to fenes-
trated endovascular aneurysm repair. In patients 
with anatomy that precludes a separate fenestra-
tion for each visceral vessel, standard techniques 
do not permit fenestrated/branched repair. This 
is seen most commonly in patients with paired 
renal arteries, which supply comparable fractions 
of the kidney, but can also be seen when sepa-
rate target vessels lie in close proximity to one 
another. In these circumstances, an open bypass, 
such as a hepatorenal or splenorenal bypass, may 
be performed. This allows endovascular cover-
age of the bypassed artery and thereby makes 
the patient’s anatomy amenable to endovascu-
lar repair. There are no large series reporting 
 outcomes with this “hybrid” method, but in case 
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reports, the technique has been well tolerated by 
patients otherwise at high risk for extensive aor-
tic surgery.  

   Outcomes 

 No randomized controlled trial has compared 
fenestrated/branched endovascular aneurysm 
repair with conventional open repair. However, 
multiple case series and cohort studies have doc-
umented the safety and ef fi cacy of the technique. 
In a recent review, Nordon and associates ana-
lyzed 8 studies with a total of 368 cases of FEVAR 
and compared them with 12 studies representing 
1,164 open repairs of juxtarenal aneurysms. 
Cumulative mortality was similar in the two 
groups. There was statistically signi fi cant increase 
in transient renal failure in the open group com-
pared with the FEVAR group; however, there was 
no difference in the rate of dialysis requirement 
in the two groups (1.4 % in both)  [  11  ] . Multiple 
case series from different institutions, both inter-
nationally and in the USA, have been published. 
These series routinely document target vessel 
patency rates in excess of 96 %. No patients 
experienced aneurysm rupture or increase in 
aneurysm size during documented follow-up 
 [  12–  15  ] .  

   Future Directions 

 Endovascular repair of aneurysms involving the 
visceral aorta has become a reality. More than 
1,000 cases have been performed worldwide with 
midterm results that demonstrate safety and suc-
cess. Continued success with fenestrated and 
branched endografting will require continued 
appropriate patient selection, high-resolution 
imaging, proper device design, and technical 
expertise on the part of the endovascular surgeon. 
However, as technology and techniques evolve, 
the endovascular treatment of juxtarenal aneu-
rysms is certain to become more widespread. The 
continued efforts to provide safe, prefabricated 
devices available to more patients will certainly 
allow greater ease of treating patients. Finally, 

surgeon customization of devices should only be 
performed in certain urgent or emergent settings 
for patients with unusual anatomy when standard 
open surgical repair is of prohibitive risk. These 
customized repairs should not be attempted 
unless signi fi cant training and experience have 
been obtained. These customized repairs cur-
rently cannot be reimbursed.      
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   Introduction   : Background 

 Infrarenal abdominal aortic aneurysms (AAA) 
represent the simplest form of aortic aneurysmal 
disease. Techniques of open repair of infrarenal 
AAAs have been mastered with excellent results, 
good functional results, and reduced periopera-
tive morbidity and mortality. However, involve-
ment of the renal and visceral arteries requires 
higher exposure of the aorta proximal to the renal 
arteries and temporary suprarenal or supramesen-
teric aortic cross-clamping, which increases the 
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  Abstract    

 Endovascular repair of aneurysms involving the visceral and thoracoab-
dominal aorta and iliac arteries has become a reality with over 1,000 cases 
performed worldwide. Sm-FBSG for pararenal, thoracoabdominal, and 
aortoiliac aneurysms have emerged as a viable endovascular alternative 
for patients un fi t for open repair in circumstances not allowing the use of 
customized stent grafts or suitable off-the-shelf devices. The major limita-
tion for widespread of this technique is the fact that a time window of 
1–2 h is needed to construct the graft and the fact that it is rather complex 
to complete when not performed routinely. 

 Until standardized off-the-shelf devices become widely available, 
sm-FBSG represent the best option for patients requiring urgent and emer-
gent repair, especially because outcome and durability of these repairs 
appears to be similar to that of commercially available devices.  
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complexity of the operation and carries higher 
risk of complications. These aneurysms together 
with the thoracoabdominal aortic aneurysms 
(TAAA) are generally classi fi ed with the term 
complex aortic aneurysms (CAA). 

 Despite advancement in preoperative evalua-
tion and perioperative care of patients with CAA, 
open surgical repair remains a formidable chal-
lenge for the vascular surgeon. In a recent meta-
analysis from our group of 7,833 patients who 
underwent open surgical repair of TAAA between 
the years 2000 and 2010, the overall risk of death 
within 30 days was 7 %, while in-hospital mor-
tality was 10 %  [  1  ] . The 30-day mortality was 
5 % for elective cases, with signi fi cant associated 
morbidity ranging from a 7.5 % incidence of spi-
nal cord ischemia, to 19 % rate of renal failure 
and 36 % rate of pulmonary dysfunction. The 
30-day mortality for open repair of ruptured 
TAAA has been reported as high as 40 %, with an 
average of 19 % in this meta-analysis. These data 
clearly demonstrate the high morbidity and mor-
tality of the open procedure, particularly in the 
urgent or emergent setting, even in patients con-
sidered to be at low or moderate risk for open 
surgery. As a consequence, many high-risk 
patients with signi fi cant comorbidities will be 
denied elective open surgery. 

 Open repair of juxta- and pararenal aneu-
rysms has produced much better results in cen-
ters of excellence with outcome comparable to 
those of standard infrarenal aortic aneurysm 
repairs according to a publication from the 
American College of Surgeons National Quality 
Improvement Program database  [  2  ] . Several 
published reviews of pararenal aneurysms report 
that suprarenal clamping was associated with a 
mortality of 3–6 % for elective cases as well as a 
new onset of dialysis of another 3–4.5 %, with 
18 % of the patients experiencing postoperative 
renal dysfunction  [  3  ] . In the urgent setting, early 
mortality after repair of a ruptured pararenal 
aneurysm has been described between 40 and 
80 %  [  4  ] . Again, it must be emphasized that 
these results come from centers of excellence 
and re fl ect a population of low or moderate peri-
operative risk. 

 Endovascular aneurysm repair (EVAR) has 
been shown to be safe and effective in treating 
uncomplicated infrarenal and thoracic aneurysms 
in both the elective  [  5–  9  ]  and urgent setting 
 [  10,   11  ] , yet there is limited experience with this 
technology in complex conditions. It is estimated 
that the rate of ineligibility for infrarenal endo-
vascular repair using standard devices is 25–40 % 
among patients with aneurysms whose maximum 
diameter has met operative threshold  [  12,   13  ] . 
Anatomic characteristics of the proximal neck is 
the most likely cause for ineligibility along with 
access issues  [  12  ] . Between 1999 and 2008, only 
69 % of treated AAA in the USA met the most 
liberal de fi nition of device instructions for use in 
the treatment of abdominal aortic aneurysms 
resulting in 41 % of the patients having sac 
enlargement at 5-year follow-up  [  14  ] . 

 These patients would obviously pro fi t from an 
open repair when suitable for it or from the 
implantation of a stent graft with fenestrations or 
branches to the visceral arteries to facilitate ade-
quate seal zone.  

   Indications for Fenestrated-Branched 
Stent Grafts 

 The indication for fenestrated-branched stent 
grafts is not clearly de fi ned beyond the typical 
characterization of patients as “un fi t for open sur-
gery.” The criteria, however, that are used to char-
acterize a patient as “un fi t” or “high risk” for 
open surgery even for AAA differ signi fi cantly 
among studies  [  15–  17  ] . Generally, major limita-
tions that would preclude patients from open 
repair are mainly cardiac or pulmonary. Chronic 
obstructive pulmonary disease (COPD) is typi-
cally encountered in 20–60 % of patients with 
complex AAA or TAAA, while 20–50 % had a 
previous PTCA or coronary artery bypass graft 
 [  1,   18  ] . Medical conditions that most surgeons 
would consider discouraging for open surgery 
include the following:
    1.    American Society of Anesthesiologists score 

 ³  3  
    2.    Society of Vascular Surgery score  ³  8  
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    3.    Patients requiring oxygen supplementation  
    4.    Pulmonary dysfunction with an FEV1 < 1 l  
    5.    Recent myocardial infarction (<6 months)  
    6.    Congestive heart failure (CHF) with an ejec-

tion fraction <35 %  
    7.    Symptomatic CHF, age > 79  
    8.    Myocardial infarction within 6 months  
    9.     Coronary revascularization with bypass in 

past 6 months  
    10.     Coronary revascularization with angioplasty/

stent in past 6 weeks  
    11.    Unstable angina, valvular heart disease  
    12.    Cancer with <50 % 5-year survival     

   Size Threshold for Repair 

 In contrary to infrarenal aortic repair, where 
the threshold for open repair has been de fi ned 
well at 5–5.5 cm for intact aneurysms, the 
threshold for repair of thoracoabdominal or any 
complex aortic aneurysms is not well de fi ned. 
Elefteriades et al.  [  19  ]  were able to demonstrate 
that by the time the descending aorta reaches a 
size of 7.0 cm, 43 % of the patients have suf-
fered rupture or dissection. Davies et al.  [  20  ]  
found that patients with a 6.0-cm TAAA have a 
5-year survival of 54 %, yielding a risk for rup-
ture of 3.7 % per year, and risk of death of 12 % 
per year. Cambria et al.  [  21  ]  on the other hand 
found a signi fi cantly higher aneurysm-related 
mortality for untreated patients with TAAA with 
a 2- and 4-year risk of rupture of 12 and 32 %, 
respectively, and a median expansion rate of 
0.2 cm/year. Most of the studies evaluating the 
diameter threshold for operating a TAAA con-
sidered a diameter between 5 and 6 cm as the 
right point to operate on an intact TAAA  [  20–
  23  ] . Other critical confounders that affect the 
decision to treat or not a patient with a TAAA 
include the extent and morphology of the aneu-
rysm and patient-speci fi c characteristics such as 
age, glomerular  fi ltration rate, and comorbidities 
 [  23,   24  ] . The aneurysm size threshold for repair 
should not be different for elective endovascular 
repair, although more severe comorbidities can 
be tolerated.   

   Alternative Options for Management 
of CAA and Concept for Use of 
Surgeon-Modi fi ed Fenestrated-
Branched Stent Grafts 

 Fenestrated and branched endografts have been 
developed as a minimally invasive, total endovascu-
lar alternative for the treatment of complex aortic 
aneurysms in high-risk patients  [  25–  27  ] . However, 
construction of these devices requires that they are 
custom-made to  fi t the speci fi c anatomical require-
ments of each patient. As a result, it can take as 
much as 6–12 weeks to manufacture these devices. 
Restricted access to investigational devices and 
delays in device customization limit treatment with 
these endografts to a group of patients with rela-
tively stable aneurysms. Patients who present emer-
gently with ruptured or symptomatic complex aortic 
aneurysms cannot be treated with the current com-
mercially available fenestrated-branched endograft 
technology because of the degree of customization 
required to treat each individual patient. 
 The question then arises of how to treat patients 
un fi t for open repair who present with symptom-
atic or ruptured complex aortic aneurysms and 
cannot wait for a custom fenestrated/branched 
endograft to be created.  

   Emergency Treatment Options for 
High-Risk Patients with Complex 
Aortic Aneurysms 

 Patients at high risk for open surgery who present 
with complex aortic aneurysms requiring urgent 
or emergent treatment could be considered candi-
dates for the following treatment options: 

   Conventional EVAR for Short-Neck AAA 

 Short-neck AAA and juxtarenal aneurysms repre-
sent the simplest form of complex aortic aneu-
rysms. The feasibility of EVAR in these cases has 
been described along with a worse long-term 
outcome in terms of endoleaks and reintervention 
rates, when compared with normal neck AAA  [  28  ] . 
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On the other hand, Verhoeven et al.  [  29  ]  reviewed 
their series of 100 fenestrated grafts for short-
necked and juxtarenal aneurysms and were able to 
demonstrate good long-term outcome. The role of 
standard EVAR in patients with short-neck or jux-
tarenal aneurysms should be approached with great 
caution in an era with good results of open repair 
for low- to medium-risk patients  [  30  ]  and excellent 
results of total endovascular repair with fenestrated 
grafts  [  29  ] .  

   Abdominal Aortic Debranching 
Combined with Endografting (“Hybrid 
Approach”) 

 This treatment approach for high-risk patients 
combines conventional visceral artery bypass 
with stent-graft implantation, the so-called deb-
ranching or hybrid technique  [  31–  34  ] . The poten-
tial advantages of this technique are that it 
substitutes a laparotomy for thoracoabdominal 
exposure, eliminates aortic mobilization and 
cross-clamping, and reduces the duration of vis-
ceral ischemia compared to conventional open 
repair. However, despite these theoretical advan-
tages, it is still an extensive intra-abdominal oper-
ation with high complication rates, especially in 
high-risk patients who would not tolerate conven-
tional open repair. A recent meta-analysis on the 
outcomes of the hybrid approach demonstrated a 
30-day mortality of 12.8 %, renal failure of 9 %, 
spinal cord ischemia of 7.5 %, and an endoleak 
rate of 23 % at a mean follow-up of 34.5 months 
 [  35  ] . While the hybrid approach of visceral deb-
ranching and overstenting of the aneurysmal seg-
ments represents a viable alternative to open 
surgery for patients with TAAA, other less inva-
sive alternatives may be more bene fi cial in this 
fragile patient cohort.  

   Parallel Graft Endovascular Repair 
(Snorkel/Chimney/Periscope/Sandwich) 

 As endovascular techniques have become a rou-
tine in the daily practice of vascular surgeons and 
interventionalists, many feel con fi dent using the 
technique of parallel grafts (snorkel/chimney/

periscope/sandwich techniques) as a quick “bail-
out” procedure. Over the last years, several reports 
have been published describing repair mostly of 
juxtarenal but also thoracoabdominal aneurysms 
in patients with acute pathologies  [  36,   37  ] . 
Most of the authors concluded that this treatment 
option is technically feasible and useful in  settings 
requiring emergent repair, but any mid- or long-
term results were poorly described in most cases. 
However, the authors did emphasize the 
 importance of distinguishing in complexity of 
repair between juxtarenal aneurysms and TAAA 
and acknowledge the lack of mid- and long-term 
follow-up and the issue of unknown durability in 
these repairs. In a review of 93 patients who were 
treated with chimney stent grafts, a total of 134 
branch stents were implanted in 72 pararenal, 5 
thoracoabdominal, and 8 anastomotic aneurysms, 
as well as in six patients for sealing of a proximal 
endoleak or other indications  [  38  ] . The incidence 
of intraoperative and early postoperative type I 
endoleak was 14 and 11 %, respectively.   

   Customized Fenestrated Endografts 

 While the Zenith custom-made fenestrated stent 
graft (Cook Medical, Bloomington, IN) still 
awaits FDA approval in the USA as this chapter 
is written, a substantial experience with treatment 
of elective cases in high-risk patients has been 
acquired worldwide  [  39–  42  ] . Custom-made 
fenestrated-branched grafts are patient tailored, 
and an interval of 6–12 weeks is required between 
measurement and delivery of the graft from the 
producing company. This is acceptable in high-
risk patients who do not have the alternative of 
open surgery but cannot be implemented in 
patients requiring urgent repair.  

   Standardized (Off-the-Shelf) 
Fenestrated-Branched Stent Grafts 

 Stent grafts that have been constructed to  fi t a pop-
ulation with typical visceral anatomy and thus are 
not patient tailored (custom-made) are referred to 
as standardized grafts. A standardized stent graft 
would not only prevent ruptures from occurring 
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during the waiting period of graft manufacture but 
would also allow treatment of patients presenting 
with ruptures and/or symptoms that currently can 
only be treated with surgeon-modi fi ed fenestrated-
branched stent grafts (sm-FBSG)  [  43,   44  ] . In 2009, 
Sweet et al.  [  42  ]  demonstrated that 88 % of the 
patients treated with stent grafts customized to 
patient’s anatomy could also have been treated 
with standardized endografts. Ever since the group 
continued to report its experience on the transition 
from customized to standardized stent grafts with-
out any perioperative events  [  45,   46  ] . However, 
Azzaoui et al.  [  47  ]  in their retrospective analysis of 
289 patients with juxtarenal aneurysms that would 
require two renal branches and a scallop for the 
SMA concluded that only 20–50 % of the patients 
could be treated with a standard fenestrated mod-
ule, depending on the size of the fenestrations. 
Sobocinski et al.  [  48  ]  evaluated the applicability of 
two different “off-the-shelf” standardized fenes-
trated endografts with two fenestrations for the 
renal arteries, one for the superior mesenteric 
artery (SMA), and a scallop for the celiac trunk to 
conclude that one or both “off-the-shelf” endografts 
could possibly treat >70 % of the patients. The 
devices currently in the pipeline or under investi-
gation are designed to treat juxtarenal, pararenal, 
but also thoracoabdominal aneurysms using dif-
ferent approaches and designs  [  49–  52  ] . 

 Although the concept of a standardized, off-
the-shelf, multibranched stent graft is exciting, 
its use could compromise the principle of perfect 
alignment of the graft to the target vessels with 
unknown results on long-term branch patency. 
The routine use of plugs to occlude unused 
branches could potentially lead to higher risk of 
endoleak. Furthermore, the ef fi cacy of these 
grafts in the emergent setting is unknown.  

   Surgeon-Modi fi ed Fenestrated-
Branched Stent Grafts 

 The value of fenestrated-branched stent grafts in 
the management of high-risk patients with TAAA 
un fi t for open surgery is indisputable. Lower 
perioperative morbidity and mortality with good 
mid- and long-term results have been demon-
strated  [  39,   40,   53,   54  ] . 

 Since the  fi rst report by Park and associates in 
1996 of two patients with infrarenal aortic aneu-
rysms treated with fenestrated devices, the group 
from Perth, Australia, developed a fenestrated 
stent graft based on the Cook Zenith ®  lineage 
 [  55  ] . The addition of a constraining wire allowed 
more accurate deployment of the main stent graft 
across the renal and mesenteric arteries  [  56  ] . 
Subsequently, Anderson and associates  [  57  ]  
reported the  fi rst clinical experience using this 
device in 13 patients with juxtarenal and parare-
nal aortic aneurysms. 

 Sm-FBSG were introduced because of the 
need to provide acute care in symptomatic or rup-
tured complex aortic aneurysms of patients who 
were un fi t for surgery. Surgeons modify commer-
cially available stent grafts to create scallops and 
fenestrations utilizing techniques similar to those 
used by industry for the manufacture of a fenes-
trated-branched stent graft and apply them in a 
way that  fi ts the resources and materials available 
in every institution performing endovascular sur-
gery. Key elements in the modi fi cation of stent 
grafts through surgeons are:
    1.    The accurate construction of the fenestrations 

without rupture of destruction of the fabric  
    2.    The construction of mechanism for partial 

constraining that would allow easier orienta-
tion and reposition of the stent graft when 
more than two fenestrations are constructed to 
achieve optimal alignment of the fenestrations 
with the branches  

    3.    A proper technique for resheathing the stent 
graft to prevent damage of the device and 
ensure accurate and safe deployment in the 
human aorta     

   Indication for Sm-FBSG 

 The indications for sm-FBSG are similar to those 
for commercially available fenestrated endografts 
and were earlier described. However, given the 
fact that modi fi ed stent grafts are an off-label use 
of the devices, certain restrictions apply  [  58,   59  ] :
    1.    The patient is considered at excessive risk of 

morbidity and mortality with other alternative 
methods of treatment (e.g., open surgical 
repair, aortic debranching)  [  43  ] .  
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    2.    The patient has a symptomatic or contained-
ruptured complex aneurysm, yet treatment 
may be delayed by an additional 1–2 h to allow 
device design, modi fi cation, and implantation.  

    3.    Endovascular repair cannot be accomplished 
using commercially available stent grafts.  

    4.    The patient cannot be transferred to a regional 
center of excellence for care using a manufac-
tured device.  

    5.    The patient is treated within a study protocol 
of an investigational device exemption.  

    6.    Procedural consent from the patient after 
extensive informative discussion for the off-
label use of the device and the associated risks 
is mandatory.      

   Choice of Stent Graft for Modi fi cation 

 The technique of fenestrated-branched repair is 
currently mostly performed using the Cook 
Zenith ®  stent graft lineage. The characteristics of 
the thoracic Zenith TX2 and the abdominal AAA 

Zenith device (Cook Medical) are optimal for 
modi fi cation due to the morphology of the 
Z-stents and the availability of multiple wires that 
can be used as a constraining wire to achieve par-
tial constraining of the sm-FBSG (Fig.  3.1a, b ). 
This facilitates better orientation and alignment 
of the visceral branches to the fenestrations.  
 The Medtronic Endurant device has also been 
frequently used in our experience for patients 
requiring 1–3 fenestrations to the visceral arteries 
(Fig.  3.2 ). Limitation of the Endurant stent graft 
is the lack of additional wires in the native graft 
that could be used as a constraining wire. Lack of 
a constraining wire would limit the ability to 
rotate the device and therefore jeopardize align-
ment of all branches.  

 The following  fl owchart (Fig.  3.3 ) illustrates 
the decision tree in our practice, which deter-
mines the stent graft to be used in each case. In 
general, patients requiring more than three fenes-
trations, those with severe aortic angulation or 
when dif fi cult branch alignment is anticipated, 
the Zenith device is used.  

  Fig. 3.1    Surgeon-modi fi ed 
fenestrated-branched stent 
graft (bifurcated Zenith 
Cook device) from anterior 
( a ) and posterior ( b ) view       

  Fig. 3.2    Surgeon-modi fi ed 
Endurant Medtronic stent graft 
with a single renal fenestration       
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 The thoracic TX2 Zenith device is preferred 
when a stent graft of diameter >36 mm is neces-
sary or when the extent of the coverage is such 
that a bifurcated graft cannot facilitate. Prior 
repair of the infrarenal aorta also typically 
requires the use of the TX2 thoracic stent graft. 
The Endurant device (Medtronic) is reserved for 
cases where the aortic neck in the proximal land-
ing zone is <10 mm or the iliac vessels are very 
torturous and/or tight.  

   Adjunctive Materials Required 

 The introduction of long,  fl exible hydrophilic 
sheaths to facilitate cannulation of the fenestra-
tions and target vessels and the delivery and 
implantation of branch stents, along with the intro-
duction of dedicated catheters, wires, and periph-
eral stents for the aortic branches, have substantially 
contributed to simplifying the complicated steps 
of fenestrated and branched graft repair. 

 With regard to branch stents, currently only the 
ICAST stent graft (Atrium Medical Corp., Hudson, 
New Hampshire) is commercially available in the 

USA as a balloon-expandable covered stent, and 
the only available covered self-expanding stent 
grafts are the Viabahn (Gore Medical, Flagstaff, 
AZ) and the Fluency stent (Bard Peripheral 
Vascular, Tempe, AZ). However, use of these cov-
ered stents during FEVAR is an off-label use of 
these devices. As a result, Cook Medical was 
obliged to manufacture a dedicated self-expanding 
stent called ConnectSX for the aortic branches to 
use in its clinical trials for the fenestrated-branched 
endografts. This stent is currently part of the 
Preserve Iliac Branch IDE trial in the USA.  

   Preoperative Planning 
and Measurements 

 The most important component of the technique 
is adequate planning and design of the stent graft. 
Computed tomography angiography allows accu-
rate measurements of lengths using centerline of 
 fl ow analysis, and the clock position of vessel 
origin is assessed using axial imaging. While 
obtaining measurements for sm-FBSG, we also 
tend to measure arc lengths of the branches from 

Patient eligible for
enrollment?

Number of target
branches

Length of aortic neck in
proximal landing zone

Tight/torturous access
vessels

Juxta-,
pararenal

aneurysm or
TAAA

1−3 target
vessels

>3 target
vessels

TX2 zenith
cook or AAA
zenith cook*

Endurant
medtronic

No = zenith AAA
cook or

Endurant
Medtronic

Yes = Endurant
Medtronic

1−1.5 cm >1.5 cm

  Fig. 3.3    Algorithm for choice of device type for modi fi cation       
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the 12 o’clock position instead of clock position 
alone because we found them to be more accurate 
in identifying the optimal fenestration position at 
grafts of different sizes. 

 Several software programs are currently avail-
able to create a centerline of  fl ow, but the 
TeraRecon Aquarius Workstation (TeraRecon, 
San Mateo, CA) is currently dominating the  fi eld 
(Fig.  3.4 )  [  60  ] . The reason for that is the straight-
ened view reconstruction which signi fi cantly 
simpli fi es calculation of length and arc length 
measurements and which is to our knowledge not 
available in other software programs.   

   Technical Aspects of Sm-FBSG 

 The main stent graft is designed with a minimum 
proximal landing zone length of 2 cm. The land-
ing zone should be located within normal aorta in 
an area of parallel aortic wall diameter and free 
of thrombus, angulation, or ectasia. Each fenes-
tration is created using the length from the start 

of the landing zone (fabric) to the middle of the 
target vessel and the clock position of the target 
vessel based on centerline of  fl ow reconstruc-
tions. Fenestrations are reinforced and marked 
with a radiopaque ring to allow visualization 
under  fl uoroscopy. Additional markers are placed 
in the anterior aspect of the stent graft to allow 
orientation prior to deployment (Fig.  3.5 ).  

 While creating the fenestrations in a stent graft 
is a relatively straightforward procedure in 
patients requiring 1–2 branches fenestration, it is 
not adequate for cases where more than two 
branches need to be addressed. The use of a 
mechanism that would allow partial deployment 
of the graft facilitating cannulation of the branches 
through the fenestrations while still preserving 
the ability to rotate the graft is essential to achieve 
perfect alignment and optimal outcome. From the 
currently commercially available devices, only 
the Zenith devices are suitable for modi fi cation 
with a constraining wire. 

 Modi fi cation of a stent graft to produce 1–4 
fenestrations, constrain the device, and resheath it 

  Fig. 3.4    3-D reconstruction and centerline of  fl ow analysis of a CT scan to facilitate accurate preoperative arc and 
length measurements for proper device modi fi cation       
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varies in our experience from 32 to 140 min with 
an average of 90 min. This represents the major 
drawback of this technique in the management of 
aortic emergencies in hemodynamically unstable 
patients. A window of 1–2 h has to be available to 
enable safe management of the patients. 
Nevertheless, modi fi cation of the graft can begin 
independently of the procedure as soon as the CT 
scan is available and measurements are made. 
This time interval often coincides with the prepa-
ration of the patient from the anesthesiology team 
and the time needed for bilateral femoral artery 
exposure and branch access. In cases of high-risk 
contained ruptures, an aortic occlusion balloon is 
ready for deployment while waiting for comple-
tion of the modi fi ed graft. 

 The use of sm-FBSG is an alternative, which 
is more complicated than use of the parallel graft 
technique but is validated through better long-
term results. The experience required to modify 
these grafts will likely be an obstacle in achiev-
ing widespread application of this technique in 
vascular practice, but this is currently the option 
that best serves the short-term goal of rescuing 
the patient, as well as the long-term goal of pro-
viding a durable exclusion of the aneurysm.  

   Anatomical Challenges for Sm-FBSG 

 The anatomic limitations of sm-FBSG are grossly 
similar to those of commercially available 
devices. Post dissection aneurysmal degeneration 
is exceptionally dif fi cult to treat in the setting of 
a narrow true lumen that cannot accommodate 
the size of a fenestrated endograft. Angulation at 
the level of the visceral aorta also represents a 

formidable challenge both for measurement and 
alignment of the branches to the fenestrations. 

 Especially in the case of four-vessel fenestrat-
ed-branched procedures, adequate access from 
both iliac arteries as well as from one brachial 
artery is essential. In case any of these sites can-
not be accessed with or without use of conduit, 
the procedure is almost impossible to complete. 

 Patients with prior renal stents protruding in 
the aortic lumen, as well as patients with 
signi fi cant renal artery stenosis, require manage-
ment of these conditions, either with balloon dil-
atation or removal of the stents  [  61  ] . 

 Another issue that is especially relevant for 
patients with thoracoabdominal aortic aneurysms 
is the distance between the stent graft and the 
branches of the aorta. In aneurysms with larger 
maximal diameter, the gap that the branch stents 
need to cover is longer, and they are therefore 
more susceptible to cranial and caudal forces that 
occur during the cardiac circle. This could poten-
tially result in higher rates of kinking, compo-
nents separation, and branch occlusion, in cases 
where the branches do not appose the aortic wall. 
   The use of surgeon-manufacted cuffed branches 
has been suggested to provide better seal between 
the main stent graft and each bridging branch 
artery stent to help dealing with this issue. 

 The primary advantage is that the cuff pro-
vides at least 2 cm of overlapping seal zone 
between the branch artery stent and the main 
stent graft, as compared to the use of a nitinol 
ring and a  fl ared stent in which there is no zone of 
overlap. There are several potential advantages of 
this technique over fenestrated-branched stent 
grafts, however only in selected cases. In our 
experience with both techniques, the advantage 

  Fig. 3.5    Surgeon-modi fi ed 
fenestrated-branched stent 
graft (TX2 Zenith Cook 
device) with four fenestrations 
and the longitudinal 
radiopaque marker anteriorly       
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of cuffs was not that obvious when all necessary 
steps were taken to ensure perfect alignment of 
fenestrations with branches including  fl aring of 
branch stents to secure attachment to the main 
graft and appropriate length of branch stents pro-
trusion in the aneurysm. 

 Another option to further reinforce a branch 
stent bridging a longer gap and add stability is to 
add another covered balloon-expandable stent 
(Icast, Atrium) or a self-expandable bare metal 
stent to prevent kinking at the distal landing point 
in the renal artery.  

   Technique of Graft Modi fi cation 

 The technique of sm-FBSG has been previously 
published  [  59,   62  ] . Here, we describe the process 
of modifying a bifurcated Zenith AAA 
prosthesis. 

 The sm-FBSG is constructed under strict ster-
ile conditions in the operating room on the back 
table using basic surgical instruments and preop-
erative measurements obtained from recon-
structed CT scans using centerline of  fl ow 
analysis software. The Cook Zenith bifurcated 
device is deployed on the back table by pulling it 
out of the back of the delivery sheath (Fig.  3.6 ). A 
60-cc syringe is cut in half and used to capture 
the uncovered stent of the device so that the 
endograft can be modi fi ed while temporary con-
straining the sharp barbs. The site of the fenestra-
tions and of the 12 o’clock longitudinal marking 
wire is drawn on the stent graft based on the pre-
operative CT scan measurements. Six by 8-mm 
fenestrations are created at the pre-marked posi-
tions using ophthalmic cautery. The fenestrations 
are reinforced using the radiopaque wire from an 
Amplatz GooseNeck ®  Snare Kit, which is sewn 
in place with a locking 5.0 Ethibond suture to 

  Fig. 3.6    The Zenith stent graft during ( a ) and after ( b ) back-table deployment from the back of the delivery sheath       
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completely cover the radiopaque wire and pre-
venting wires from catching at that site during the 
procedure (Fig.  3.7 ). A longitudinal radiopaque 
marking wire is sewn at the anterior 12 o’clock 
portion of the graft to facilitate accurate orienta-
tion of the graft during the procedure. At the pos-
terior portion of the graft, at the 6 o’ clock 
position, the course of the constraining wire is 
marked on the graft. By pulling the top stent trig-
ger-wire release mechanism, the wire is carefully 
retracted all the way down to its exit point from 
the gray positioner, captured and advanced out-
side of the stent graft to use as a constraining wire 
(Fig.  3.8 ). Using a 20-gauge spinal needle, the 
fabric of the graft is perforated in and out at each 
stent segment along the pre-marked 6 o’clock 
line. The extracted wire is inserted in the spinal 
needle and rerouted through it as a running wire 
in and out of the graft (Fig.  3.9 ).     

 To constrain the graft, a 3.0 polypropylene 
suture is sewn 2 stent peaks away from the con-
straining wire and then looped around the con-
straining wire using the back end of the needle to 
assure that no fabric is captured during this 
maneuver. The  fi rst loop is tied down to constrain 
the left two parts of the stent. To create the sec-
ond loop, another 3.0 polypropylene suture is 
sewn 2 stent peaks away from the constraining 
wire on the other side. This second loop is 
rerouted below the  fi rst loop and not around the 
wire to make sure that no fabric or the other 
suture is caught during this maneuver that would 
prevent the graft from total deployment. The sec-

ond loop is then tied down to achieve partial con-
straining of the graft diameter. The same 
procedure is applied for the rest of the stents in a 
similar fashion (Fig.  3.10a–c ).  

 At this point, the modi fi cation of the stent 
graft is complete, and the maximal diameter of 

  Fig. 3.7    Reinforcement of a fenestration with a 
radiopaque wire       

  Fig. 3.8    The wire of the top stent trigger-wire release 
mechanism is retracted to its exit point from the gray posi-
tioner ( a ), captured and rerouted to use as a constraining 
wire ( b )       

  Fig. 3.9     Red arrows  show the rerouted wire that will be 
used for constraining of the stent graft, running in and out 
of the stent graft fabric       
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the graft has been reduced by approximately 
30 % with the help of the constraining wire 
(Fig.  3.10d ). This allows the graft to be partially 
deployed within the aorta and permits reposition-
ing of the graft if needed. The top uncovered stent 
of the graft is then recaptured in the top cap, and 
the tip of the constraining wire is relocated in its 
original position within the top cap. 

 Using umbilical tape, the stents of the graft 
are sequentially constrained and resheathed 
through the back of the peel-away sheath, 
thereby completing the device modi fi cation and 
returning the graft to its original packaged form 
(Fig.  3.11a–d ).   

   Procedure 

 Bilateral femoral and left brachial approach is 
required in most cases. The right femoral access 

is usually used for the branches and the left fem-
oral approach for introduction of the main stent 
graft. A large (20–24-Fr) Check-Flo sheath (Cook 
Medical, Inc., Bloomington, IN) is introduced 
via the right femoral artery (Fig.  3.12 ). A conduit 
to the iliac artery over a retroperitoneal access is 
used; when an endoconduit is not feasible, the 
native vessels cannot facilitate safe advance of 
the stent graft. The sheath valve is accessed with 
multiple (two or three) short 5 Fr sheaths, which 
are used for selective catheterization of the renal 
and superior mesenteric arteries. The celiac axis 
is typically accessed using the left brachial artery 
approach with a 7–8 Fr Raabe sheath and a 5 Fr 
MPA catheter (Cook Medical, Inc., Bloomington, 
IN). Contrast injection is used diligently during 
this part of the procedure. Selective renal and 
mesenteric angiography using 5 ml of diluted 
contrast avoids unnecessary use of 30 ml boluses 
of contrast per injection. Once all the target 

  Fig. 3.10    ( a – d ) To constrain the graft, a suture is sewn 
two stent peaks away from the constraining wire ( a ) and 
then looped around the constraining wire ( b ) using the 

back end of the needle ( c ) to assure that no fabric is cap-
tured during this maneuver       
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branches are catheterized (Fig.  3.13 ), the main 
stent graft is oriented extracorporeally and subse-
quently introduced via the left femoral approach. 
The fenestrations of the stent graft are then 
aligned to the visceral branches that are marked 
with wires and sheaths and deployed (Fig.  3.14 ). 

The device remains constrained by a wire, which 
allows rotational and cranial-caudal move-
ment of the main stent graft to optimize align-
ment. Each selective catheter is serially removed 
from the respective vessel and used to regain 
access into the main stent graft,  fenestration, and 

  Fig. 3.12    The valve of a 25-cm 22-Fr Check-Flo sheath 
is punctured in all four quadrants and smaller sheaths, and 
wires and catheters are placed to gain access to the vis-
ceral branches. A conduit is placed on demand       

  Fig. 3.11    ( a – d ) The stents of the graft are sequentially constrained and resheathed through the back of the peel-away 
sheath       

  Fig. 3.13    Graphic showing catheterization and marking 
of all visceral branches with sheaths before stent-graft 
implantation       
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 target  vessel (Fig.  3.15 ). A 7 Fr Ansel or Raabe 
sheath (Cook Medical, Inc., Bloomington, IN) 
is advanced through the femoral sheath to renal 
and superior mesenteric arteries, followed by a 
balloon-expandable stent graft. The celiac fen-
estration and artery are accessed using the 7–8 
Fr Raabe sheath from the left brachial artery. 
Once all the target vessels are accessed and the 
bridging stent grafts are ready for deployment, 

the main stent graft is fully unconstrained. Each 
branched stent graft is deployed and  fl ared proxi-
mally with a 10 mm × 2-cm balloon, starting with 
the renal arteries (Fig.  3.16 ), followed by the 
superior mesenteric and celiac axis (Fig.  3.17 ). 
If the repair needs to be extended distally to 
achieve an adequate seal, this is accomplished by 
placement of a commercially available bifurcated 
modular device into both iliac arteries (Fig.  3.18 ). 
Extension into the proximal thoracic aorta may 
be necessary for more extensive thoracoabdomi-
nal aneurysms.          

   Surgeon-Modi fi ed Iliac Branch 
Stent Graft 

 Endovascular approach is not feasible in many 
aortic cases because of an adequate landing zone 
in the area of the iliac arteries. Aneurysmal 
degeneration of the common or/and internal iliac 
arteries often necessitates exclusion of the ipsi-
lateral hypogastric artery. This could however 
have potentially detrimental results in the setting 
of atherosclerotic disease or occlusion of the con-
tralateral hypogastric artery including symptoms 
of buttock claudication and pelvic ischemia. 

  Fig. 3.14    Before deployment of the graft, the catheterized branches ( a ) allow perfect alignment of the fenestrations of 
the stent graft with the targeted visceral branches ( b )       

  Fig. 3.15    The wires and sheaths are removed, and the 
visceral branches are recannulated, this time through the 
fenestrations of the stent graft       
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Buttock claudication occurs in 30–40 % of 
patients with unilateral hypogastric embolization 
and >50 % of patients with bilateral hypogastric 
artery exclusion. 

 While numerous options exist for open surgi-
cal revascularization of the hypogastric artery, 
open repair is associated with higher periopera-
tive mortality and morbidity  [  63  ] . Endovascular 
options include use of chimney stent techniques, 
bell-bottom stent grafts, and back-table reversed 
limb technique  [  64–  66  ] . The endovascular 
approach with iliac branch devices (IBD) has 
signi fi cantly extended the spectrum of endovas-
cular aortoiliac surgery with excellent short- and 
long-term results  [  67  ] . Different designs of IBD 

are available including the straight sidearm IBD, 
the helical branch IBD, and the bifurcated- 
bifurcated IBD. Currently, the straight sidearm 
IBD is the one commercially widely available. 

 However, the same problems that arise for 
fenestrated-branched stent grafts for complex 
aortic aneurysms arise also for aortoiliac aneu-
rysms with extension to the iliac arteries. The 
lack of availability of these grafts outside study 
protocols in many countries including the USA, 
as well as the fact that these devices are not 
always available off-the-shelf, creates a shortage 
of endovascular alternatives that can be  fi lled by 
the technique of surgeon-modi fi ed hypogastric 
branched stent grafts. 

 We have previously described the technique 
for modi fi cation of a Zenith iliac limb stent graft 
(Cook, Bloomington, IN)  [  68  ] . 

 In our experience, the iliac limb of the 
Endurant Medtronic device can also be modi fi ed 
in a similar fashion to accommodate a side branch 
for the hypogastric artery. 

 In brief, the procedure of modifying a 
Medtronic iliac branch is described below. 

   Device Modi fi cation for Surgeon-
Modi fi ed Iliac Branch Stent Graft 

 The iliac limb device (16F sheath) is introduced 
together with a 4F Kumpe catheter (Cook) into a 
20F Performer Check-Flo sheath (Cook Medical). 

  Fig. 3.16    Stent grafts are deployed in the renal and mesenteric branches ( a ) and  fl ared proximally to achieve better seal 
and stability ( b )       

  Fig. 3.17    Fenestrated-branched stent graft with all stents 
to the visceral branches in place       
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The 4F catheter is placed through the valve in the 
sheath, and the iliac limb is placed through the 
center hole. The proximal 3 stents of the iliac 
stent graft are then deployed so that an adequate 

proximal sealing zone is exposed (Fig.  3.19a ). 
Below that area and at a “valley” of the struts, a 
hole is constructed in the fabric of the graft to 
facilitate the beveled anastomosis of a 6–8-mm 

  Fig. 3.18    Once the proximal part of the repair with a modi fi ed TX2 Zenith stent graft is  fi nished ( a ), the repair can be 
extended distally with a bifurcated modular device if needed ( b )       

  Fig. 3.19    The iliac limb device is introduced with a 4F Kumpe catheter in a 20F Performer Check-Flo sheath ( a ), and 
a fenestration is created ( b )       
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downward-oriented Dacron conduit (Fig.  3.19b ). 
The Dacron graft is shortened to 10–30 mm and 
reinforced with a circumferentially running 
radiopaque wire at the distal part of the Dacron 
conduit as well as at the junction with the iliac 
limb. A longitudinal marker is placed anteriorly 
to facilitate better orientation intraoperatively 
(Fig.  3.20a ). The 4F Kumpe catheter is loaded via 
the sidearm graft into the iliac stent graft 
(Fig.  3.20b ), thereby “preloading” the sidearm 
branch and iliac limb. The modi fi ed device is 
resheathed into the 20F sheath using interrupted 
silk sutures or umbilical tape to collapse each one 
of the three self-expandable Z-stents which are 
removed prior to resheathing. The tip of the 4F 
Kumpe catheter is positioned slightly over the 
top of the 20F sheath.    

   Procedure for Surgeon-Modi fi ed 
Hypogastric Branched Stent Graft 

 Following bilateral femoral artery cut-down, 
sheaths are placed in both common femoral arter-
ies. The iliac branch endograft is placed through 
the ipsilateral groin with the branch directed to 
the hypogastric branch and positioned above the 
iliac bifurcation. The wire that is preloaded 
through the hypogastric branch is advanced to the 
abdominal aorta and snared from the contralateral 
femoral artery and brought out the right femoral 
artery for through-and-through access (we prefer 
to use a 480-cm Tracer ®  Metro Wire Guide, Cook 
Medical). Over this femoral-femoral access wire, 

a 12-French Ansel-1 sheath is advanced up and 
over the aortic bifurcation and into the hypogas-
tric branch. A wire and a catheter are then placed 
through this sheath, and the left hypogastric artery 
is selectively catheterized, and the wire and cath-
eter are advanced into the tertiary branches of the 
left internal iliac artery. Selective internal iliac 
artery angiogram is obtained, demonstrating its 
patency of the main trunk and all of its branches 
and the distance between the iliac bifurcation and 
the branches of the internal iliac artery. A stiff 
Amplatz wire is then advanced into the tertiary 
branches of the hypogastric artery, and over this 
wire, a balloon- or a self-expandable stent graft is 
placed into the left internal iliac artery, through 
the hypogastric branched graft (Fig.  3.21 ). 
Balloon angioplasty of the stent in the internal 
iliac artery is performed. The branch stent is typi-
cally reinforced by placement of another self-
expanding stent that extends into the distal 
internal iliac artery beyond the covered stent. The 
remainder of the iliac limb is then deployed into 
the ipsilateral external iliac artery, and the limb is 
then balloon angioplastied simultaneously with 
balloon angioplasty of the hypogastric branched 
stent in a “kissing balloon fashion.” Implantation 
of the abdominal component of the stent graft 
completes the procedure (Fig.  3.22 ).    

   Results of Sm-FBSG 

 Data on sm-FBSG are limited to reports from few 
institutions with larger experience on sm-FBSG. 

  Fig. 3.20    A directional 
sidearm branch using a 
Dacron conduit is sewn 
at the fenestration ( a ), 
and the 4 Fr Kumpe catheter 
is loaded through the sidearm 
branch ( b    )       
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Recently the group from University of Washington 
 [  69  ]  presented a series of 47 consecutive patients 
who were treated with sm-FBSG over a 3-year 
period for juxtarenal aortic aneurysms. Eighty-two 

fenestrations were created for 58 renal arteries, 16 
SMAs, 3 celiacs, and 5 for accessory vessels. Early 
complications included    three access site-related and 
three procedure-related complications including a 

  Fig. 3.21    After CT scan of a contained-ruptured type IV 
thoracoabdominal aneurysm ( a ), centerline of  fl ow analy-
sis reconstruction was performed and measurements were 

made ( b ) to modify a Zenith TX2 stent graft with four 
fenestrations for the visceral branches ( c )       

  Fig. 3.22    Intraoperative angiograms demonstrating 
rupture of the aorta at the visceral segment ( a ), success-
ful catheterization of all four fenestrations and target 
visceral branches with wires and sheaths before release 

of diameter-reducing ties and complete deployment of 
the graft ( b ), and successful repair of the ruptured type 
IV TAAA with patent branches and no evidence of 
endoleak ( c )       
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stroke, one branch artery dissection, and one renal 
failure. There was one in-hospital death (2 %) due 
to aspiration. The authors reported one procedure-
related death on follow-up due to distal migration 
of the graft and SMA occlusion. 12.8 % of the 
patients had endoleak on follow-up with one patient 
requiring reintervention. 

 In 2009, Oderich et al.  [  70  ]  reviewed their 
experience of 20 high-risk patients with juxtare-
nal aneurysm or TAAA, who had 1- to 4-vessel 
sm-FBSG with branch artery stenting of 52 ves-
sels (32 renal, 18 mesenteric, 2 hypogastric) with 
reduced mortality (1 %), any morbidity (40 %), 
and paraplegia rate (5 %). 

 Sm-FBSG are particularly well suited for the 
treatment of patients with complex AAA who 

present urgently or emergently with ruptured or 
symptomatic aneurysms  [  43  ] . We have reported 
the  fi rst series of patients who underwent 
sm-FBSG repair in the emergency setting  [  44  ] . 
Twelve high-risk patients (7 ASA IV and 5 ASA 
III) (9 male) presented with symptomatic ( n  = 7) 
or ruptured ( n  = 5) aortic aneurysms (Fig.  3.22 , 
and  3.23    ). Mean age was 71 years (range 
52–86 years) and mean maximal aneurysm size 
8.1 cm (range 5–12 cm). Six patients (50 %) had 
prior aortic surgery or a hostile abdomen. 
Relevant comorbidities included coronary dis-
ease in all 12 patients and 7 patients (58 %) with 
an ejection fraction  £ 35 %. Nine patients (75 %) 
had severe pulmonary dysfunction. Four aneu-
rysms were pararenal and 8 thoracoabdominal 

  Fig. 3.23    ( a ) Preoperative 3-D CTA in a patient with ruptured visceral aorta. ( b ) CTA at 6 months postoperatively 
demonstrating no endoleak and patent branch stents to the visceral vessels       
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(2 type II, 3 type III, and 3 type IV). The average 
number of visceral vessels treated per patient was 
3 (range 2–4) with 35 total branches revascular-
ized. One renal artery could not be accessed and 
was sacri fi ced. Endografts were successfully 
implanted in all patients. There were no cases of 
paraplegia, no intraoperative deaths, and one 
death occurred within 30 days (8.3 %) due to 
subarachnoid hemorrhage. Reintervention was 
necessary in two patients, for a type 3 endoleak 
and for evacuation of retroperitoneal hematoma. 
Morbidity included one myocardial infarction, 
two patients with transient respiratory failure, 
and two with transient renal insuf fi ciency not 
requiring dialysis. Mean postoperative stay in 
ICU was 4 days and in-hospital 8 days. At a mean 
follow-up of 9 months (range 3–18), two patients 
died of non-aneurysm-related causes.  

 There were no late reinterventions and all 
branches, patent at the conclusion of the proce-
dure, remained patent on follow-up (100 %). No 
type I or III endoleaks occurred, and one type II 
endoleak is under observation. 

 So far, none of the groups performing surgeon-
modi fi ed hypogastric branched stent grafts have 
published their results. However, in our experi-
ence with more than 15 cases, no branch occlu-
sions or endoleaks occurred during follow-up, 
and all procedures were completed successfully 
(unpublished data).  

   Ethical/Legal Implications of Sm-BSG 

 If one is to perform these procedures, it is imper-
ative to consult their institutional legal depart-
ment and institutional review board (IRB). In 
addition, customized operative consent forms 
must be created detailing that the procedure is 
performed under “compassionate use” because 
the patient has no other surgical or endovascular 
options and their aneurysm is at increased risk of 
rupture. Ideally, one should obtain a physician-
sponsored investigational device exemption 
(IDE) from the Food and Drug Administration 
(FDA) as we have done. It should be clearly doc-
umented that patients are at an excessive risk for 
open surgery, have no endovascular alternatives, 

and are at increased risk of aneurysm rupture. 
All patients in our practice who were candidates 
to undergo fenestrated repair of their complex 
aneurysm with the compassionate use of a sm-
FBSG were informed that the use of the grafts 
were not according to IFU and had an extensive 
discussion with the primary surgeon with respect 
to the risks of graft modi fi cation, durability of the 
repair, safety, and ef fi cacy of the procedure. The 
procedures resulting in this chapter were per-
formed under an IRB protocol and subsequently 
led to approval of a physician-sponsored IDE by 
the FDA for pararenal aneurysms and TAAA 
(MO-di fi ed STE-nt GRA-ft Trial – MOSTEGRA 
Trial, IDE: G120071).       
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   Background 

 Endovascular repair of aortic aneurysms (EVAR) 
has gained widespread acceptance in the treatment 
of abdominal aortic aneurysms (AAAs). Pro   spective 
randomized studies have shown several short-term 

advantages compared to open surgical repair, 
including less blood loss, operating time, length of 
stay, morbidity, and mortality. The long-term 
ef fi cacy of EVAR is dependent upon careful selec-
tion of patients with respect to anatomical factors 
such as excessive angulation, vessel tortuosity, or 
involvement of visceral or iliac arteries. Although 
many of these anatomical constraints were previ-
ously considered to be relative contraindications to 
EVAR, technological advances have expanded the 
indications to include patients with more challeng-
ing anatomy. This chapter summarizes the evolu-
tion of methods used for preservation of pelvic 
 fl ow in patients with aortoiliac aneurysms involv-
ing one or both common iliac arteries.  
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  Abstract    

 Endovascular repair of aortic aneurysms (EVAR) has gained widespread 
acceptance in the treatment of abdominal aortic aneurysms (AAAs). 
Prospective randomized studies have shown several short-term advantages 
compared to open surgical repair, including less blood loss, operating 
time, length of stay, morbidity, and mortality. The long-term ef fi cacy of 
EVAR is dependent upon careful selection of patients with respect to ana-
tomical factors such as excessive angulation, vessel tortuosity, or involve-
ment of visceral or iliac arteries. Although many of these anatomical 
constraints were previously considered to be relative contraindications to 
EVAR, technological advances have expanded the indications to include 
patients with more challenging anatomy. This chapter summarizes the 
evolution of methods used for preservation of pelvic  fl ow in patients with 
aortoiliac aneurysms involving one or both common iliac arteries.  
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   Scope of the Problem 

 Approximately 30 % of patients treated by EVAR 
have ectatic or aneurysmal common iliac arteries 
not suitable for distal sealing zone  [  1,   2  ] . Common 
iliac artery aneurysms affect one iliac artery in 
43 % of patients and both iliac arteries in 11 % 
 [  1,   3  ] . One of the most frequently utilized options 
in these patients is exclusion of the internal iliac 
artery by placement of coils or endovascular plugs, 
allowing placement of iliac limbs into the external 
iliac artery without retrograde type II endoleak. 
While unilateral and bilateral internal iliac artery 
exclusions can be safely done in most patients, 
decreased pelvic perfusion carries risk of ischemic 
complications. A frequently underreported event 
is buttock claudication, which occurs in 16–50 % 
of patients treated by unilateral and up to 80 % of 
those undergoing bilateral embolization  [  4–  7  ] . 
Sexual dysfunction is noted in 10–17 %  [  4,   5,   8,   9  ] . 
In addition, although uncommon, devastating 
complications include spinal cord injury, ischemic 
colitis, and gluteal muscle necrosis  [  10  ] . Among 
patients requiring extensive aortic coverage of the 
thoracic or thoracoabdominal aorta, preservation 
of pelvic  fl ow via the internal iliac arteries has 

been shown to be an important collateral network, 
reducing rates of spinal cord injury  [  11–  13  ] .  

   “Bell-Bottom” or Flared Iliac Stent 
Graft Limbs 

 Flared iliac stent graft limbs are typically utilized in 
patients with small common iliac artery aneurysms 
up to 21 mm in diameter (Fig.  4.1 ). The technique 
can also be done with off-label use of aortic exten-
sion cuffs, allowing treatment of larger common 
iliac aneurysms. Ideally, the common iliac artery 
should not be affected by thrombus or excessive 
calci fi cation. In these patients, a shorter bifurcated 
device may be selected and introduced via the con-
tralateral side, allowing a longer working length for 
precise deployment of the intended  fl ared iliac limb 
close to the iliac bifurcation. Table  4.1  summarizes 
the sizes and indications of commercially available 
iliac stent graft limbs. Although the use of “bell-
bottom” grafts simpli fi es the repair, the durability 
of this procedure remains questionable and few 
clinical reports have shown long-term data.   

 Lawrence-Brown and colleagues from Western 
Australia reported that iliac arteries between 16 

  Fig. 4.1    “Bell-bottom” technique using  fl ared iliac stent graft limbs for treatment of bilateral common iliac 
aneurysms       
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and 22 mm in diameter can be treated with 90 % 
ef fi cacy using “bell-bottom” grafts  [  14  ] . However, 
after a mean follow-up of 30 months, endoleaks 
were noted in 40 % of patients, including type Ib    
endoleaks in 7 %. Secondary re-interventions for 
iliac artery-related problems were needed in 10 % of 
the patients. Woo and associates reviewed the pro-
spective cohort of patients treated by Cook Zenith 
stent grafts (Cook Medical Inc, Bloomington, IN) 
in the Cook Zenith US multicenter trial of 671 
patients. In that study, 220 patients required  fl ared 
iliac limbs in common iliac arteries with landing 
zone >20 mm. They did not  fi nd a higher rate of 

increase in iliac artery diameter, endoleaks, or re-
interventions compared to patients with “normal” 
iliac diameter. A type Ib endoleak occurred in only 
2.2 % of patients  [  15  ] . However, a recent report by 
the Mayo Clinic group showed that use of “bell-
 bottom” outside the recommendations for use is 
potentially associated with higher rates of complica-
tions. In that report, 71 patients treated by 93 limbs 
with mean iliac artery diameter of 23 mm were fol-
lowed for mean follow-up of 29 months. Continued 
iliac artery enlargement >5 mm was noted in 86 % of 
the patients, and 17 % had iliac limb events, which 
included sac growth >5 mm, type Ib endoleak, and 
re-intervention. Freedom from iliac limb events and 
iliac limb re-interventions at 2 years were 87 ± 6 % 
and 96 ± 6 %, respectively (unpublished data).  

   Internal Iliac Artery Bypass 
or Transposition 

 Open surgical revascularization of the internal 
iliac artery can be performed using retroperito-
neal approach with a small curvilinear  fl ank inci-
sion (Fig.  4.2 ). Since its  fi rst description in 1999 

  Fig. 4.2    Techniques of 
open surgical internal iliac 
artery revascularization 
using bypass or 
translocation       

   Table 4.1    Commercially available iliac stent graft limbs   

 Device  Iliac limb 
diameters 
(mm) 

 Minimal iliac 
landing zone 
length (mm) 

 Distal iliac 
diameters 
(mm) 

 Cook Zenith  8–24  10  7–20 
 Gore Excluder  10–20  10  8–18 
 Medtronic 
AneuRx 

 12–24  15  8–20 

 Medtronic Talent  8–24  15  7–20 
 Endologix 
Powerlink 

 16–25  15  10–22 
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by Juan Parodi and Marcelo Ferreira, hybrid 
revascularization of the internal iliac artery has 
been widely adopted as an alternative to coil 
embolization  [  16  ] . The technique is also useful in 
patients with small iliac artery diameter who 
require iliac artery conduit.  

 The iliac arteries are exposed using retroperi-
toneal approach. The ureter should be identi fi ed 
and protected, avoiding excessive manipulation 
or devascularization of soft tissue. After exposure 
and dissection of the common, internal, and iliac 
arteries, the patient is systemically heparinized. 
The proximal internal iliac artery is ligated with 
1-0 Ethibond suture, clamped distally, and 
transected. The proximal stump should be over-
sewn with running 4-0 Prolene suture. A 6- or 
7-mm polyester graft is anastomosed end to end 
to the internal iliac arteries using 4- or 5-0 Prolene 
and “parachute technique.” After the anastomosis 
is tested, the graft is clamped and attention is 
directed to the proximal anastomosis. A useful 
technique is to proceed with EVAR using femoral 
approach and to perform the proximal anastomo-
sis of the internal iliac graft in the location of the 
femoral puncture at the end of the procedure. This 
avoids occlusion of the internal iliac graft during 
EVAR, facilitates exposure for the proximal anas-
tomosis, and allows documentation of graft pat-
ency. Alternatively, the proximal anastomosis can 
also be done to the distal external iliac artery. 

 Internal iliac artery bypass or transposition 
has been shown to offer excellent patency in the 
range of 80–100 %  [  6,   16  ] . A report of ten 
patients by Faries and associates demonstrated 
100 % technical success and graft patency with 
no symptoms of ischemic complications of 
colon, gluteal claudication, or sexual dysfunc-
tion  [  17  ] . Similar results were reported by Arko 
 [  18  ]  and Lee and colleagues  [  6  ]  when they com-
pared open surgical internal iliac artery preserva-
tion with coil embolization. Both studies 
demonstrated signi fi cant decrease in buttock 
claudication and improvement in ambulation 
 [  19  ] . Nonetheless, open internal iliac artery 
bypass or transposition can also be technically 
challenging and time consuming, particularly in 
the morbidly obese patient and in those who had 
prior pelvic operations or radiation.  

   Endovascular Pelvic Revascularization 

 One of the basic tenets of vascular reconstruction is 
to preserve normal anatomy and end-organ  fl ow 
whenever possible. A variety of creative methods 
have been described to preserve pelvic  fl ow in 
patients with aortoiliac aneurysms using total endo-
vascular techniques. Iliac branch devices designed 
to preserve  fl ow into the internal iliac artery have 
been shown to be clinically effective and safe. 
However, access to these devices is still limited, 
and long-term follow-up is needed to determine 
branch patency and rates of iliac-related secondary 
interventions. Total endovascular techniques uti-
lized to preserve iliac  fl ow are described below. 

   External to Internal Iliac Artery Stenting 
with Femoral Crossover Grafts 

 The technique of external to internal iliac artery 
stenting was described by Bergamini and associ-
ates  [  20  ]  and used successfully by Woo and col-
leagues  [  21  ] . The original description included 
aneurysm exclusion with aorto-uni-iliac stent 
graft and lower extremity revascularization with 
femoral crossover graft. While this technique 
avoids the need for retroperitoneal iliac artery 
exposure, the external to internal iliac artery stent 
is subjected to excessive tortuosity and kinking, 
potentially predisposing to late occlusion or nar-
rowing (Fig.  4.3 ). It is not infrequent that the cov-
ered stent needs to be reinforced by placement of 
a self-expandable stent to prevent kinking. 
However, it is limited in being a viable option 
when only one hypogastric artery patency is 
suf fi cient to provide adequate pelvic perfusion.  

 The author has used this technique in one 
patient with bilateral common iliac artery stump 
aneurysms after prior aortofemoral graft (Fig.  4.4 ). 
Using bilateral transfemoral approach, the internal 
iliac artery branches were selectively catheterized 
and an Ansel sheath was advanced over a 0.035-
in. Amplatz wire (Boston Scienti fi c, Bloomington, 
IN). Exclusion of the common iliac artery was 
done by placement of Fluency stent grafts (Bard, 
Covington, GA) with reinforcement using 
Wallstents (Boston Scienti fi c, Bloomington, IN).  
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 A modi fi cation of the technique was described 
by Delle and associates. The authors described 
placement of an internal iliac artery stent using 
transbrachial approach, originated from one of 
the iliac docking limbs of the bifurcated graft to 
the internal iliac artery. A femoral crossover graft 
was used to revascularize the lower extremity 
(Fig.  4.5 ). While these techniques allow pelvic 
revascularization by endovascular techniques, 
limitations include need for extra-anatomic open 
surgical reconstruction of the femoral arteries, 
which is potentially associated with decreased 
patency and risk of graft infection.   

   Iliac Sandwich or Parallel Stent Grafts 

 The “sandwich” technique applies the principle 
of chimney or parallel stent grafts to preserve 
 fl ow into one or both internal iliac arteries. The 
technique was introduced by Armando Lobato, 
allowing endovascular repair with commercially 
available iliac limb extensions and stent grafts 
(Fig.  4.6 )  [  22  ] .  

 The “sandwich” technique requires transbra-
chial approach for placement of a covered stent 
from one or both docking limbs of the bifurcated 
aortic stent graft into the internal iliac artery, 
while a parallel stent graft maintains  fl ow into 
the external iliac artery. Ipsilateral femoral artery 
approach is used to introduce the main stent graft 
body with iliac limb positioned 1 cm above the 
IIA takeoff. The IIA is then cannulated via bra-
chial access, and a covered self-expanding stent 
is introduced over an extra-stiff guidewire with 
 fl oppy tip. Iliac limb extension is positioned 
1 cm below the IIA stent and deployed, followed 
by deployment and angioplasty of the IIA cov-
ered stent. Lobato advocates an overlap of at 
least 5 cm between the internal iliac and the 
external iliac stents to minimize risk of endoleak 
within the gutters of both stents  [  22  ] . Limitations 
of the technique include the need to use longer 
internal iliac stents as compared to branched 
devices, the potential for compression of one of 
the parallel grafts, and lack of long-term con-
trolled data on limb occlusion and endoleaks. 
Despite these considerations, the technique has 
been endorsed by several centers with low rates 
of limb occlusion and endoleaks in early follow-
up  [  23–  25  ] .  

   Double Bifurcated Aortic Stent Graft 

 The use of two aortic bifurcated stent grafts has 
been described to preserve internal iliac artery 
 fl ow. The technique has been described using 
two Gore Excluder stent grafts (WL Gore, 
Flagstaff, AZ). The  fi rst aortic stent graft is 
deployed, followed by a short 20-mm iliac limb 
extension. A second 23-mm Gore Excluder 
aortic stent graft is deployed into the 20-mm 
iliac limb (Fig.  4.7 ). Using the brachial 
approach, the shorter docking limb of the sec-
ond bifurcated device is bridged into the inter-
nal iliac artery using Excluder iliac limb 
extension or Viabahn stent grafts (WL Gore, 
Flagstaff, AZ). A limitation of the technique is 
the added cost and need for longer lengths 
between the renal arteries and the aortic and 
iliac bifurcations.   

  Fig. 4.3    External to internal iliac artery stent graft with 
femoral crossover bypass       

 



52 J. Fatima and G.S. Oderich

   Iliac Bifurcation Devices (IBDs) 

 IBDs allow total endovascular repair of aortoil-
iac aneurysms using speci fi cally designed stent 
graft con fi guration to provide optimal seal and 
 fl ow dynamics into the internal and external iliac 
arteries. IBDs are designed for patients with 
inadequate distal landing zone at the common 
iliac artery, allowing incorporation of the inter-
nal iliac artery by preserving pelvic  fl ow via the 
iliac side branch. The IBD is mated to the inter-
nal iliac artery using a balloon-expandable or 
self-expandable stent graft. Current clinical 
experience is limited to designs by Cook Medical 
Inc. The pipeline has evolved to three main types 

of IBDs (Fig.  4.8 )  [  26  ] . The designs are the 
Zenith bifurcated iliac side (ZBIS) branch device, 
also known as straight side-arm (S-IBD) IBD, 
the helical branch (H-IBD), and the bifurcated-
bifurcated IBD (BB-IBD). The straight side-arm 
has a relatively short overlapping zone and is 
intended for use with a balloon-expandable stent 
graft. A modi fi cation of the S-IBD using a 
 fl exible longer straight arm akin to a non-
wrapped H-IBD has also been applied clinically 
using a self-expandable stent graft. The H-IBD 
design is intended for use with a self-expandable 
stent graft by providing a longer overlapping 
zone. Both devices maintain the modular con-
cept and are joined to a conventional Zenith 

  Fig. 4.4    Treatment of bilateral common iliac artery stump aneurysms with external to internal iliac artery stent grafts. 
Note follow-up CTA revealing no endoleak and occlusion of the right side stent       
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bifurcated stent graft (Cook Medical, 
Bloomington, IN) by an extension limb compo-
nent. The S- and H-IBD utilize the same 20 Fr 
delivery system that includes a preloaded cathe-
ter through the branch and out of the proximal 

aspect of the device. The preloaded catheter 
allows introduction of a wire, which is snared 
from an alternative site (usually the contralateral 
groin but also the brachial approach) and pro-
vides ready access through the branch with a 
sheath.  

 The third and latest development is the bifur-
cated-bifurcated IBD or BB-IBD (Fig.  4.8 ). This 
device involves a combination of the H-IBD 
with the distal bifurcated component of a fenes-
trated device. The addition of the helical side-
arm to the ipsilateral (long) limb of a bifurcated 
aortic device makes conceptual sense, as it 

  Fig. 4.6    “Sandwich” technique using parallel stent 
grafts. Note in the inset the gutters and partial compres-
sion of the stent graft       

  Fig. 4.7    Double bifurcated stent graft technique using 
Gore Excluder stent grafts (WL Gore, Flagstaff, AZ)       

  Fig. 4.5    Aortic stent graft to internal iliac artery stent 
graft with femoral crossover graft       
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 eliminates two modular joints from an IBD 
repair but relegates access into the internal iliac 
branch to the brachial/axillary circulation. The 
limitation is overcome by the development of a 
self-sealing fenestration immediately cranially 
to the ostium of the helical branch origin on the 
medial wall of the iliac limb. The self-sealing 
fenestration is used in conjunction with a pre-
loaded wire, which is snared in a manner identi-
cal to that with standard IBD devices. Matting 
of the helical limb is completed as above, and 
when the preloaded wire is removed, the sealing 
segment (a covered Z-stent) then resides over 
the fenestration, functionally excluding the 
aneurysm.  

   Anatomic Considerations 

 Anatomic criteria for iliac branch stent grafts have 
not been standardized or validated. Factors to be 
considered include the presence of excessive iliac 
tortuosity, calci fi cations, or stenosis, and charac-
teristics of the distal internal iliac artery, including 
aneurysmal involvement with inadequate distal 
landing zone for the IBD or poor runoff because of 
distal branch vessel disease. In most reports, IBDs 
are indicated in patients with common iliac aneu-
rysms greater than 20–24 mm. In general, the dis-
tal  fi xation in the external iliac artery requires a 
minimum length of 20 mm and a “normal diame-
ter” of 8–12 mm – and this is rarely a problem. For 
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2012

Helical

Ec3177932-007-0

Bifurcated-
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  Fig. 4.8    Iliac branch devices ( IBD ) designs include the straight, helical, and bifurcated-bifurcated stent grafts       
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the H-IBD and S-IBD, the common iliac artery 
should have a minimum length of 50 mm, or else 
the IBD device will extend high up into the abdom-
inal aorta, potentially destabilizing the more prox-
imal repair. The presence of internal iliac artery 
stenosis is not a contraindication but may increase 
technical dif fi culty. The internal iliac artery should 
have a non-aneurysmal segment ( fi xation site) of 
>10 mm length and inner-wall diameter of 
6–10 mm. However, the latter can be overcome 
with use of smaller-diameter matting stent grafts. 
It is important to note that there is considerable 
tortuosity in many internal and external iliac arter-
ies particularly in the setting of a large common 
iliac artery aneurysm; as such, aneurysms grow in 
length as well as diameter. As they do so, they dis-
tort the origin of the internal iliac artery, creating 
tortuosity of the main internal iliac artery trunk 
and also creating potentially extreme tortuosity in 
the external iliac system.  

   Technique 

 Assuming that the repair involves an aortic com-
ponent as well as an IBD, the femoral arteries are 
exposed and the patient is systemically antico-
agulated with intravenous heparin. The ipsilateral 
femoral artery is accessed using two femoral punc-
tures (Fig.  4.9 ). The main aortic device is usually 
introduced via the side opposite to the IBD, which 
can be done prior or after placement of the proxi-
mal aortic component. The target internal iliac 
artery should be imaged prior to deploying an IBD 
above the vessel. This can be done prior to intro-
duction of the IBD device or afterward, following 
snaring of the preloaded wire. Following insertion 
of the IBD over a stiff wire, it is oriented such that 
the three markers immediately distal to the distal 
branch ostium align with the internal iliac ostium 
clock position on an axial image (usually 5:00 for 
a right internal iliac ori fi ce and 7:00 for the left). 
This should result in the preloaded catheter ori-
ented at the 3:00 position for right-sided devices 
and 9:00 for left-sided devices. This facilitates 
snaring of the preloaded wire. BB-IBD devices 
are oriented such that the preloaded fenestrations 
are above the aortic bifurcation. Care must be 

taken with a BB-IBD in the setting of very short 
common iliac artery that the three markers distal 
to the branch exit are above the origin of the target 
internal iliac artery. Contralateral femoral access 
is established, and a 12 Fr modi fi ed Ansel sheath 
(Cook Inc., Bloomington, Indiana) is inserted and 
placed at the origin of the common iliac artery. A 
second puncture is made in the sheath valve, and 
a 5F sheath placed in that location through which 
an over-the-wire snare will be used (Indy Snare, 
Cook Inc.). The preloaded wire within the IBD 
is exchanged for a long glidewire, and the wire 
is snared and withdrawn through the contralateral 
groin. The H-IBD or S-IBD is advanced to the 
desired location with the branch terminus imme-
diately above the target internal iliac artery, and 
the sheath is withdrawn to expose the branch. The 
12 Fr sheath is then advanced from the contral-
ateral side up and over the aortic bifurcation into 
the target branch using the preloaded wire. The 
preloaded catheter and wire can be withdrawn 
as a unit as the 12F sheath is advanced into the 
branch. A second puncture is then made in the 
valve of the 12F sheath, and a 5F sheath is placed, 
through which a steerable guidewire-catheter 
combination (Kumpe catheter, Cook Medical, 
Bloomington, Indiana) is advanced alongside the 
through-and-through wire within the 12F sheath. 
The “buddy” catheter and wire are used to cannu-
late internal iliac artery and preferably advanced 
into the posterior (Gluteal) branch of the target 
vessel. A stiff wire (Rosen or Amplatz, Cook 
Medical, Bloomington, Indiana) is then placed 
through the catheter and the catheter removed. 
The internal iliac artery is imaged in a manner 
that will demonstrate the branch terminus as well 
as the target sealing zone. An appropriate length 
matting self-expandable stent graft (Fluency 
stent graft, Bard Peripheral Vascular Inc., Tempe, 
Arizona) for H-IBDs or balloon-expandable stent 
graft (iCAST, Atrium Medical, Hudson, NH; or 
Jomed, Abbott Labs, Red Oaks, CA) for S-IBDs 
is inserted over the stiff wire. Caution must be 
taken when advancing balloon-expandable stent 
grafts beyond the protecting sheath, and some-
times an 8 or 9F sheath will be needed to gain 
purchase to the desired level of sealing within 
the internal iliac circulation. During this process, 
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  Fig. 4.9    Illustration of the technique of placement of 
straight arm iliac branch device (S-IBD). A guidewire is 
advanced into the preloaded catheter and snared via the 
contralateral femoral approach ( a ), allowing advancement 
of a 12 Fr modi fi ed Ansel sheath ( b , Cook Medical Inc., 
Bloomington, IN). Once access is established into the 

internal iliac artery, a self-expandable stent graft is posi-
tioned for deployment ( c ). Following deployment of the 
matting stent graft ( d ) and completion iliac angiography, 
the repair is completed using a bifurcated aortic stent graft 
via the contralateral side ( e )       
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 traction on the  through-and-through wire sta-
bilizes the 12F sheath, such that the delivery of 
mating devices is not treacherous. Prior to deploy-
ment, the through-and-through wire is removed. 
For helical branches, the self-expandable stent 
graft is deployed with at least 2 cm overlap with 
the helical branch and 2-cm seal within the inter-
nal iliac artery. Additional radial force may be 
required in some cases where there is marked tor-
tuosity or minimal luminal size within the com-
mon iliac artery. In these cases, the matting stent 
graft is reinforced with a second self-expanding 
stent or a balloon- expandable stent, but removal 
of the  through-and-through wire should precede 
this step. Once the IBD and matting stent graft 
are fully deployed, the remainder of the branch 
is deployed by sheath withdrawal and the trig-
ger wires are then deployed, leaving the inter-
nal iliac wire over which the mating stent graft 
was deployed in place, with an 8-mm balloon 
transcending the internal iliac and external iliac 
junctions. The 8-mm balloon is then in fl ated, 
protecting the branch, and the delivery system is 
removed. A 12-mm balloon can then be in fl ated 
at the junction of the two iliac arteries in a kiss-
ing balloon fashion to ensure patency of the inter-
nal and external iliac arteries. The repair is then 
imaged by injecting through the 12F sheath. The 
remainder of the repair is carried using a standard 
bifurcated modular component, which is intro-
duced via the contralateral. The IBD is mated 
to the remainder of the Zenith stent graft (Cook 
Medical Inc., Bloomington, Indiana) with a short 
iliac extension.  

 Deployment of the BB-IBD differs in some 
ways from the H-IBD and S-IBD deployments. 
Once the BB-IBD is inserted and oriented such 
that the contralateral limb and self-sealing fenes-
tration are positioned properly, the sheath is with-
drawn while tension is being applied to the 
through-and-through preloaded wire. This will 
prevent the preloaded wire from getting caught 
on any Z-stents as the device is deployed. A 12F 
sheath is advanced over the preloaded wire, but it 
is not brought through the valve (although it can 
be, if it goes in easily). An 8 or 9F sheath is used 
to cross the valve and transcend the branch. The 
valve hub is double punctured, and a catheter and 

wire are brought to the branch terminus and used 
to cannulate the posterior branch of the target 
vessel. The 8 or 9F sheath is then removed 
entirely, and the mating self-expanding stent graft 
is then advanced through the 12F sheath, self-
sealing fenestration, and branch to its target loca-
tion. The remainder of the repair is akin to that 
with the H-IBD or S-IBD. 

 The ideal type of mating stent graft for the 
internal iliac artery is controversial. While bal-
loon-expandable stent grafts have greater radial 
force that is sometimes necessary to dilate tight 
internal iliac artery origins (and are intended for 
use with S-IBD), they are not ideal for confront-
ing tortuosity within the internal iliac bed or 
diameter discrepancies that may exist. Joint 
strength in the overlapping segments becomes an 
issue, as there is inadequate length to achieve a 
durable modular interface between the standard 
S-IBD and a self-expanding stent graft. Thus, an 
S-IBD coupled with a balloon-expandable stent 
graft may require non-tortuous anatomy or may 
be coupled with a self-expanding stent graft in 
addition to the balloon-expandable stent graft. 
The reverse situation may occur with the H-IBD.  

   Results 

 Although over 1,000 IBDs have been implanted 
worldwide, published literature is scarce with 
only a few clinical series  [  7,   27–  32  ] . However, 
results of iliac branch stent grafts have been 
encouraging with technical success rates of 
greater than 95 % in most reports  [  29,   31  ] . The 
 fi rst reported series by Greenberg and associates 
in 2006 included 21 patients with three technical 
failures (14 %), all caused by inability to visual-
ize the origin of the internal iliac artery due to 
signi fi cant stenosis  [  27  ] . Since its initial concep-
tion, results of IBD have improved with newer 
generation devices. Ziegler and associates ana-
lyzed 46 patients treated with S-IBDs, but the 
 fi rst 26 patients were treated using an early gen-
eration uni-body con fi guration, and only the last 
20 utilized the S-IBD system  [  33  ] . Technical suc-
cess improved from 58 % with the early genera-
tion device to 85 % with the current S-IBD. There 
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were no perioperative deaths, and of the 35 IBDs 
successfully implanted, none developed endoleak, 
component separations, or migration. There were 
four branch occlusions after a mean follow-up of 
26 months. Other groups have reported excellent 
results with the newer generation S-IBD, with 
technical success rates of 91–100 % and primary 
patency rates of 74–100 % from 6 to 20 months 
follow-up  [  4,   29–  31  ] . 

 The anatomical challenges frequently imposed 
by the tortuous anatomy of the iliac arteries, par-
ticularly in the setting of large aneurysms, have 
led to the development of the helical design by 
Roy Greenberg and the group at the Cleveland 
Clinic  [  27,   34  ] . The helical branch provides a 
longer overlapping zone (>20 mm) between the 
common iliac device and the mating self-expand-
able stent graft. In addition, by using a self-ex-
pandable stent instead of the balloon-expandable 
stent, the mating stent graft adapts better to the 
iliac tortuosity and to the acute angle at the inter-
nal iliac artery origin, which potentially reduce 
kinks and late stent graft occlusion. The results of 
a multicenter prospective study in 52 patients 
treated with 53 helical branched stent grafts 
included a technical success rate of 94 %, with no 
endoleaks or component separations  [  34  ] . There 
were six branch occlusions, all within the  fi rst 
month. Importantly, whereas none of the patients 
with patent branches developed claudication, all 
of those who occluded their branches could pin-
point the date of thrombosis based upon the 
development of claudication. 

 Verzini and associates from Perugia, Italy, 
reported the only comparative analysis of IBDs 
versus hypogastric exclusion in 74 patients  [  4  ] . In 
this study, there were no differences in procedure 
time, contrast use, and technical success and no 
early deaths. However, there was a trend toward 
more endoleaks (19 % vs. 4 %) and pelvic isch-
emic symptoms (22 % vs. 4 %) among patients 
treated with coil embolization compared to IBDs. 

 Karthikesalingam and associates reported a 
systematic analysis of nine studies including 196 
patients treated with IBDs  [  35  ] . The anatomical 
suitability for IBD was not detailed in most stud-
ies, but Tielliu et al. described that only 27 (52 %) 
of their 52 potential candidates for IBD met all 

the following anatomical criteria: common iliac 
diameter >18 mm, absence of excessive iliac tor-
tuosity or internal iliac aneurysm, or severe steno-
sis  [  34  ] . The median operative time ranged from 
101 to 290 min and the contrast load 58–208 ml. 
Technical success ranged from 85 to 100 %. 
There were no aneurysm-related deaths. Only 
one patient with patent IBD complained of but-
tock claudication. However, late thrombosis of 
the IBD occurred in 24 patients (12 %) and 
resulted in buttock claudication in 12 (50 %). 
Endoleak rates were exceedingly low, with only 
one type I (0.5 %) and two type III endoleaks 
(1 %). Type II endoleaks were treated conserva-
tively and were not associated with sac expan-
sion. Re-interventions were required in 12 
patients (6 %), including 5 with occlusion stent 
graft limbs to the external iliac artery.  

   Modi fi ed Internal Iliac Artery Branched 
Stent Graft 

 In the absence of commercially available IBDs, the 
technique of modi fi cation of Cook Zenith (Cook 
Medical, Bloomington, IN) iliac extension limb was 
described by Oderich in 2010 (Fig.  4.7 )  [  36  ] . The 
procedure may be used selectively in high-risk 
patients with bilateral internal iliac artery aneurysms 
who do not have access to a manufactured IBD. The 
technique of device modi fi cation is reported else-
where, and device implantation is nearly identical to 
that already described for manufactured IBDs.   

   Conclusion 

 Endovascular treatment of aortoiliac aneu-
rysms can be challenging, particularly in 
patients who are felt not to be ideally suited 
for any open surgical procedure. The option of 
unilateral or bilateral internal iliac artery 
embolization has a predictable risk of compli-
cation, most notably buttock claudication and 
erectile dysfunction but also rarely serious 
complications such as ischemic colitis, gluteal 
muscle necrosis, and spinal cord injury. IBDs 
represent a signi fi cant improvement in the 
treatment of aortoiliac aneurysms by allowing 
preservation of pelvic  fl ow with a totally endo-
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vascular technique. Furthermore, they amelio-
rate the need for techniques whereby 
aneurysmal tissue is left pressurized and prone 
to rupture (such as the bell-bottom technique) 
and avoid the need for retroperitoneal inci-
sions. The procedure can be performed with 
high technical success rates and similar mor-
bidity and mortality compared to standard 
EVAR. However, widespread utilization of 
IBD still faces several challenges including 
regulatory approval, physician training, and 
an evaluation of the late results of IBDs includ-
ing device integrity, re-interventions, and 
occlusion rates.      
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   Introduction 

 In 1991, Parodi et al. described their initial ven-
ture into stent-graft placement for the treatment 
of aortic aneurysms  [  1  ] . The purpose of aneu-
rysm treatment is to prolong life by preventing 
aneurysm rupture. Given the less invasive 
approach of the endograft procedure compared to 
open surgical repair, it is not surprising that endo-
vascular treatment has gained momentum in 
recent years. The rapid advancement of endografts 

for the treatment of aortic aneurysms has been 
well documented, and, to date, thousands of indi-
viduals in the United States alone have been 
treated with this method  [  2  ] . 

 The placement of an endograft for aneurysm 
treatment has been shown to be a durable proce-
dure with less mortality and morbidity than open 
surgical repair  [  3  ] . However, endograft place-
ment is not without complication. The most com-
mon complication following endograft placement 
is endoleak. Endoleak, a term described by White 
et al., refers to blood  fl ow within the aneurysm 
sac despite placement of an endograft  [  4  ] . 
Endoleaks have been further subdivided into a 
 fi ve-type schema. Brie fl y, type I endoleaks refer 
to improper sealing of either the proximal or 
distal endograft components leading to persistent 
 fi lling of the aneurysm sac. Type II endoleaks are 
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described as  fi lling of the aneurysm sac due to 
retrograde  fl ow within a collateral vessel  [  5  ] . 
Type III endoleaks are caused by either a tear in 
the graft material or separation of the graft com-
ponents. Type IV endoleaks refer to intrinsic 
porosity of the graft material  [  6  ] . Finally, type V 
endoleaks are described as “endotension,” a state 
of persistent pressure within the aneurysm sac 
without a discernable source of blood  fl ow  [  7  ] . 

 The presence of an endoleak is a relatively com-
mon phenomenon occurring in approximately 20 % 
of patients with endograft repair of abdominal aor-
tic aneurysm  [  8  ] . However, as will be described 
shortly, not all endoleaks are alike, and only a small 
portion of endoleaks will require intervention. In 
the subsequent sections, we will discuss various 
aspects of endoleaks including their classi fi cation, 
surveillance and detection, and treatment.  

   Classi fi cation of Endoleak 

 Endoleak refers to the persistent  fl ow of blood 
within the aneurysm sac despite placement of an 
endograft. Originally described and expanded 
upon by White et al. in the mid to late 1990s, the 
current endoleak classi fi cation system character-
izes endoleaks by etiology. In addition to classi-
fying endoleaks etiology, one can also describe 
these leaks in terms of their chronology of onset. 
For example, an endoleak which appears imme-
diately after endograft placement is referred to as 
an immediate endoleak. While an endoleak that 
becomes apparent later during follow-up imaging 
is described as a delayed or late endoleak. 

   Type I Endoleak 

 Type I endoleak occurs when there is persistent 
blood  fl ow within the aneurysm sac originating 
from the site of graft attachment. The point of 
leak can occur either proximally at the superior 
margin of the graft in the abdominal aorta or dis-
tally where the graft limbs attach to the iliac arter-
ies. These two manifestations have been 
subdivided into proximal type 1A (Fig.  5.1 ) or 
distal type IB. The separation of the graft body 
from the aneurysm wall in a type I endoleak 

allows blood to  fl ow alongside the graft, thus per-
fusing the aneurysm. There is a third, more exotic 
form of type 1 endoleak, the type IC, which occurs 
in the setting of an aorta-uniiliac graft. In this sce-
nario, a type 1C endoleak results in back  fi lling of 
the aneurysm sac from the contralateral (non-
stent-grafted) iliac artery. Typically, the contralat-
eral iliac artery is either thrombosed or has been 
embolized. For a type IC endoleak to occur, blood 
must  fl ow through the endograft conduit to the 
ipsilateral femoral artery, across a femoral-to-
femoral artery bypass, then retrograde through 
the contralateral iliac artery and past the point of 
embolization to  fi ll the residual aneurysm sac.  

 Whether due to a proximal type IA, distal type 
IB, or contralateral type IC, type I endoleak is a 
serious  fi nding because the residual aneurysm 
sac continues to be perfused with systemic level 
blood pressure. Consequently, the pressurized 
residual aneurysm sac remains unprotected and 
at risk for rupture.  

   Type II Endoleak 

 Overall, type II endoleaks are the most com-
mon, occurring in approximately 10–25 % of 

  Fig. 5.1    Endograft with suprarenal  fi xation and type IA 
endoleak arising from the proximal aspect of the covered 
portion of the endograft ( black arrow )       
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abdominal endograft cases  [  9  ] . Type II endoleaks 
are due to collateral  fl ow. They occur from ret-
rograde perfusion of the residual aneurysm sac 
via aortic branch arteries that arise from the 
covered portion of the aorta. In the typical 
abdominal aortic aneurysm treated by endograft-
ing, the aneurysm arises distal to the renal arter-
ies and extends to the aortic bifurcation or 
perhaps into the iliac arteries. As such, success-
ful treatment of the aneurysm may require cov-
ering multiple branch vessels arising from the 

aorta including the internal iliac arteries, the 
inferior mesenteric artery, the multiple lumbar 
and iliolumbar arteries, and the median sacral 
artery. These aortic branch vessels are the cul-
prits in type II endoleak. Type II endoleaks 
occur in two varieties: simple (type IIA) and 
complex (type IIB) (Fig.  5.2 ). Simple type IIA 
endoleaks occur when a single vessel supplies 
both the in fl ow and out fl ow of the leak. These 
leaks tend to be relatively slow  fl ow with the 
in fl ow occurring during systole and out fl ow 

  Fig. 5.2    Type IIB endoleak. Note the channel of  fl ow 
within the residual aneurysm sac ( black arrow ). 
Contributing vessels include an accessory renal artery 

(image  a ,  white arrow ), inferior mesenteric artery (image 
 b ,  white arrow ), and lumbar arteries (image  c ,  white 
arrow )       

 



64 A. Misselt and J. Golzarian

during diastole. Complex type IIB endoleaks 
have one or more arteries providing in fl ow into 
the aneurysm sac with additional arteries pro-
viding the out fl ow. In this way, the type IIB 
endoleak looks and behaves much like an arte-
riovenous malformation. An example might be 
retrograde  fi lling of the inferior mesenteric 
arteries via collaterals from the superior mesen-
teric artery. The blood then  fl ows from the infe-
rior mesenteric artery into the residual aneurysm 
sac, through vascular channels within the sac, 
and  fi nally out via antegrade  fl ow through a ves-
sel such as a lumbar artery.  

 The signi fi cance of a type II endoleak is sub-
ject to considerable debate. Type II endoleaks are 
often transient and elusive. They may be seen on 
one follow-up study, only to resolve on the next, 
and then return months or even years later  [  10  ] . 
However, type II endoleaks are associated with at 
least diastolic pressure loads within the residual 
aneurysm sac  [  11  ] , and when persistent  [  12  ]  or 
accompanied by sac enlargement  [  13  ] , type II 
endoleaks should be treated.  

   Type III Endoleak 

 Type III endoleaks are caused by failure of the 
structural integrity of the endograft device. Such 
failures include modular separation of the graft 
components (type IIIA) and leaks through tears 
in the graft fabric or through suture lines of the 
graft (type IIIB)  [  10  ] . Of all the endoleak types, 
type III leaks are considered to be among the 
most dangerous in terms of rupture risk. This is 
due to the acute repressurization of the aneurysm 
sac that often accompanies the development of 
this type of device failure  [  14  ] . Accordingly, 
diagnosis and prompt management is essential.  

   Type IV Endoleak 

 Type IV endoleaks refer to the passage of blood 
through the pores of the graft and into the resid-
ual aneurysm sac. This is notably different than 
the larger type III endoleak that accompanies a 
tear in the graft fabric. Historically, type IV 

endoleaks were commonly observed during the 
immediate postplacement angiogram of a sys-
temically heparinized patient. Currently, how-
ever, with advancements in graft construction, 
type IV endoleaks have practically ceased to 
exist. Consequently, any endoleak with the 
appearance of a type IV should be thoroughly 
evaluated for a more sinister etiology.  

   Type V Endoleak 

 In some regard, the term type V endoleak is a 
misnomer. A type V endoleak refers to the phe-
nomenon of residual aneurysm sac expansion 
despite visualization of an endoleak using all 
available imaging means. This state of unex-
plained aneurysm expansion is also known as 
endotension. Several theories have been devel-
oped to explain this occurrence including the fol-
lowing: the presence of a radiographically occult 
endoleak (types I–IV), transmission of the arte-
rial pulse wave through perigraft space to the 
residual aneurysm sac, or the development of an 
ultra fi ltration of seroma through the graft poros-
ity perhaps due to oncotic pressure from degra-
dation of thrombus in the excluded aneurysm 
 [  10,   15,   16  ] .   

   Endoleak Diagnosis and Surveillance 

 Endoleaks have been described as the Achilles 
heel of endoluminal aneurysm repair  [  9  ] . Thus, it 
is critically important for the vascular interven-
tionalist to know how to effectively diagnose and 
manage the various types of endoleaks. 

 In our practice, we begin considering possible 
sources of endoleak during the pre-procedure 
planning stage with a thorough review of the siz-
ing computed tomography angiogram (CTA). 
Close attention should be paid to landing zone 
measurements and to short, highly angulated, or 
conical necks as these may herald  fi xation 
dif fi culties which may lead to type I endoleaks. 
Attention needs also to be paid to the patency of 
the internal iliac arteries and their relationship to 
the proposed landing zone. The internal iliac 
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arteries should be preemptively embolized when 
needed to avoid a type II endoleak through this 
vessel. Some have also suggested that preemptive 
embolization of other aortic branch vessels such 
as the inferior mesenteric artery, lumbar artery, 
and median sacral artery may be warranted  [  17, 
  18  ] , though this practice has not been widely 
adopted as its ef fi cacy is not conclusively sup-
ported  [  18  ] . Other authors have described injec-
tion of thrombin or glue within the residual 
aneurysm sac at the time of endograft placement 
to decrease the incidence of endoleak  [  19–  21  ] . 
While these techniques may prove bene fi cial, 
their use is not yet widespread. 

 The  fi rst opportunity to identify an endoleak is 
during the post-endograft placement angiogram. 
The initial injection should be performed with 
the catheter above the superior margin of the 
graft. Any contrast opaci fi cation seen outside the 
endograft lumen and within the residual aneu-
rysm sac is by de fi nition an endoleak. To discern 
which type of endoleak is present, careful atten-
tion should be paid to the location from which the 
sac  fi lls as well as the timing of the opaci fi cation. 
If for instance, the aneurysm sac  fi lls concomi-
tantly with the passage of the main contrast bolus 
and the point of  fi lling is near the proximal or 
distal seal zones, then a type I endoleak should be 
invoked. Alternatively, if one clearly observes the 
 fi lling of the residual aneurysm sac in a delayed 
fashion relative to the main contrast bolus, one 
should look closely for retrograde  fl ow in aortic 
branch vessels as the cause of a probable type II 
endoleak. 

 Following the initial injection, subsequent injec-
tions may be needed to perform a conclusive inves-
tigation, particularly with an indeterminate type of 
endoleak. The catheter is next withdrawn within 
the graft main body and modular attachment sites 
to search for type III endoleak. If the type of leak is 
still unknown, selective injections may be per-
formed to search for type III endoleaks. 

 If no endoleak is identi fi ed at the time of 
endograft placement, it is important to maintain 
vigilance during follow-up imaging. At our 
institution, we obtain a follow-up CTA at 1 
month, 6 months, and then annually. CTA is per-
formed in three phases including noncontrast, 

arterial, and delayed phase. The noncontrast 
phase is useful for assessing changes in size of 
the residual aneurysm sac and to evaluate for 
calci fi cation that may simulate the appearance 
of a leak. The contrast phases are used in con-
junction with the noncontrast images for the 
diagnosis of endoleak  [  22,   23  ] . 

 CTA provides a static, rather than dynamic, 
appraisal of the anatomy. Thus, CTA can identify 
the presence of endoleak but may not be able to 
establish the primary type. Further, noninvasive 
imaging methods often underrepresent the size 
and complexity of endoleak; thus, angiography, 
which is the gold standard imaging test for 
endoleak, may be needed to conclusively classify 
the source  [  24,   25  ] . 

 If poor renal function precludes the use of 
intravenous iodinated contrast, we rely on the 
measurements of the noncontrast CT scan to 
determine changes in sac diameter, and we also 
use duplex ultrasonography to look for  fl ow 
within the residual aneurysm sac  [  26,   27  ] . 

 Magnetic resonance imaging (MRI) has also 
been used as a surveillance method following 
endograft placement. MRI has the obvious bene fi t 
of being a robust technique that uses nonionizing 
radiation. Other drawbacks include longer imag-
ing time and the potential for image artifact from 
the metallic components of grafts. Time-resolved 
MRA is a relatively new technique in which the 
contrast bolus is imaged in dynamic fashion as it 
 fl ows through the body. This method has a clear 
advantage over the static display of a CTA as it 
provides temporal data similar to a catheter 
angiogram. As such, one can see the direction of 
 fl ow within aortic branch vessels as location of 
leak origin. Undoubtedly MRI will play a larger 
role in the imaging of post-endograft patients in 
the future. 

 Implanted pressure monitoring devices have 
also been utilized as a means of post-endograft 
placement surveillance. A wireless pressure mon-
itor implanted inside the residual aneurysm sac at 
the time of endograft placement provides a non-
imaging method of monitoring the residual sac 
pressure. A residual aneurysm sac with low or no 
pressure is indicative of a graft with no endoleak. 
While an implanted monitoring device that reports 



66 A. Misselt and J. Golzarian

a pressure near the level of the measured blood 
pressure indicates an endoleak  [  28,   29  ] .  

   Endoleak Treatment 

 Type I endoleaks require immediate attention to 
prevent aneurysm rupture. Occasionally a type I 
leak is observed during the initial angiogram fol-
lowing endograft deployment. The  fi rst step in 
this situation is balloon angioplasty at the level of 
the leak to oppose the graft to the wall of the 
aneurysm. If this is unsuccessful, it may be nec-
essary to use an extension cuff to achieve the req-
uisite seal. When a type I endoleak is appreciated 
during follow-up surveillance imaging, one 
should carefully scrutinize the available compari-
son images to see if there has been any migration 
of the graft or expansion of the aneurysm because 
these will likely require cuff extension to re-
oppose the graft to the aortic wall. If there has 
been no change in graft position, a trial of balloon 
angioplasty alone is warranted before progress-
ing to cuff placement. The placement of a cuff 
extender is similar to the placement of the initial 
graft in that it typically requires a surgical cut-
down and large introducer sheaths. Occasionally, 
a Palmaz bare metal stent is used to augment the 
graft seal at the site of a type I endoleak. This step 
can be used alone or in conjunction with a cuff 
extender if necessary. To safely deliver the Palmaz 
stent, it should be carefully crimped upon a large 
compliant balloon. The balloon and stent combi-
nation should then be delivered to the proximal 
seal zone via a long introducer sheath, typically 
12 Fr. It is vital to bring the stent all the way to 
the deployment site within the sheath, before 
withdrawing the sheath and in fl ating the balloon. 
Failure to observe this technique may result in 
premature dislodgement of the stent from the 
balloon. 

 If a type I endoleak persists despite the use of 
repeat balloon angioplasty, placement of cuff 
extendors, or use of large bare metal stents, the 
next step is to attempt to seal the leak entry and 
exit sites with catheter-based delivery of an 
embolic agent such as coils. Typically, blood 
enters a type IA endoleak site alongside a portion 

of graft which has not adhered to the aortic wall. 
The blood then continues to  fl ow into the residual 
aneurysm sac before exiting through one or more 
aortic branch out fl ow vessels such as the inferior 
mesenteric artery or the lumbar arteries. To suc-
cessfully treat a type I endoleak with the tran-
scatheter embolization technique, one must  fi rst 
fully understand the anatomy. Based on the angle 
of the aorta and the position of the proximal leak 
site, it may be better to access the leak using a 
reverse curve catheter from the femoral approach 
or a simple curved catheter from a brachial 
approach. After angiographically con fi rming the 
endoleak origin, the leak site is gently probed 
with a catheter and wire combination. Once wire 
access has been gained within the residual aneu-
rysm sac, the catheter is advanced as deep into 
the sac as possible. Imaging with the catheter 
placed within the sac will demonstrate the full 
complexity of the aneurysm sac. Next, a catheter 
is advanced through the residual aneurysm sac 
and into the origins of the out fl ow aortic branch 
vessels. A microcatheter is frequently needed to 
accomplish the out fl ow vessel cannulation. Once 
in place, the out fl ow vessels are embolized at 
their origin from the aorta. This is typically 
accomplished using coils. The catheter is then 
returned to the aneurysm sac, and repeat angiog-
raphy is performed. This step is essential as addi-
tional out fl ow vessels may become apparent as 
the primary egress of  fl ow is eliminated. After the 
out fl ow is eliminated or disrupted, the catheter is 
withdrawn to the level of the in fl ow leak. At this 
point, a dense coil pack is created to buttress the 
graft material to the aortic wall and eliminate the 
space through which the type 1 endoleak occurred. 
This type of endoleak treatment, while techni-
cally challenging, is often successful  [  30,   31  ] . In 
summary, the key to successful embolization is to 
alter or occlude the communication between the 
in fl ow and the out fl ow. 

 If endovascular treatment attempts have all 
failed, open conversion is the next and  fi nal step 
in the treatment of type I endoleak. 

 Type II endoleaks, when present for longer 
than 6 months and associated with an expanding 
residual aneurysm sac, should be treated. In 
general, there are two different strategies for 
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treatment: transarterial  [  32  ]  and translumbar 
 [  10,   33  ] . In our practice, we attempt transarte-
rial treatment  fi rst. 

 Suspicion of type II endoleak should be 
con fi rmed at angiography. If the precise pathway 
of the endoleak is not obvious, angiographic 
con fi rmation will often require multiple injec-
tions. Typically, the  fi rst injection is an aortogram 
with the catheter above the superior margin of the 
graft, usually near the level of the superior mes-
enteric artery. If a type II leak is not seen, injec-
tions within the graft, both at the proximal margin 
and at the level of the modular component junc-
tion, should be performed to exclude type III 
endoleak. Next, selective and subselective injec-
tions of the superior mesenteric artery should be 
performed. If these injections fail to demonstrate 
the leak, the angiographer should proceed to 
injections of the internal iliac arteries to look for 
iliolumbar arteries re fi lling the aneurysm sac. 

 If an inferior mesenteric artery leak is visible 
via a superior mesenteric artery, injection of 
microcatheter is advanced through the mesenteric 
collaterals to the origin of the inferior mesenteric 

artery. Then the microcatheter is advanced past 
the inferior mesenteric artery origin and into the 
residual aneurysm sac where an injection of the 
sac itself is performed. If the injection reveals 
only a single source of leak, then the inferior 
mesenteric artery origin can be embolized and 
the leak will resolve (Fig.  5.3 ). However, it has 
been our experience that type IIA (simple) 
endoleaks will thrombose spontaneously and do 
not typically need treatment.  

 Oftentimes, however, the injection of the sac 
will demonstrate a complex channel of  fl ow with 
multiple in fl ow and out fl ow vessels. This is a 
type IIB (complex) endoleak. In the case of com-
plexity, the channel must be disrupted. This can 
be accomplished with coils, cyanoacrylate, par-
ticles, thrombin, and onyx or any combination of 
these materials. Next, the microcatheter is with-
drawn to the level of the IMA origin, and the ves-
sel is coil occluded at this level. Care must be 
taken to ensure that only the origin of the IMA is 
occluded as distal embolization of the IMA is 
related to risk of ischemic colitis  [  34  ] . A repeat 
injection is performed within the IMA to con fi rm 

  Fig. 5.3    Repair of type IIB endoleak. Note microcatheter 
course from superior mesenteric artery to inferior mesen-
teric artery ( small black arrows ), outline of aneurysm sac 

( thin white arrows ), embolic glue disrupting the endoleak 
channel ( thick white arrow ), and coil embolization of the 
inferior mesenteric origin ( dashed black arrow )       
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occlusion of the in fl ow before the catheter is 
withdrawn to the aorta to once again evaluate for 
endoleak. If additional type II endoleak is dem-
onstrated or access from the superior mesenteric 
artery is not possible, then treatment should pro-
ceed via iliolumbar artery catheterization. The 
process is then repeated with the intent of closing 
this new leak source. 

 If the type II endoleak does not abate despite 
transcatheter therapy, the translumbar approach 
is attempted next. In this method, the residual 
aneurysm sac is accessed directly via a percuta-
neous puncture (Fig.  5.4 ). Depending on where 
the bulk of the endoleak is seen on pre-procedural 
CT, either a left or right translumbar approach 
will be required. In general, the left translumbar 
approach is preferred as there is direct access 
through the psoas muscle into the sac. If, how-
ever, a right translumbar approach is required, the 
pathway of the needle may traverse the inferior 

vena cava. While somewhat disconcerting, this 
approach has been shown to be safe and effective 
 [  35  ] . Regardless of whether a left or right trans-
lumbar approach has been chosen, the idea is to 
place a 21-gauge needle into the residual aneu-
rysm sac itself. This is accomplished using 
 fl uoroscopic or CT guidance. Once in place, 
blood is aspirated from the needle and  fl uoroscopy 
is used to perform an aortogram. If needed, nee-
dle access could be exchanged for catheter access 
for more selective imaging and embolization. 
Typically, however, we carry out our emboliza-
tion directly through the access needle using coils 
and cyanoacrylate or onyx. The goal of the embo-
lization is to disrupt the channel of  fl ow within 
the sac and possibly occlude the origins of the 
in fl ow and out fl ow vessels. Care should be taken 
not to extrude the embolization material distally 
within the aortic branch vessels to avoid ischemic 
complications. If the translumbar route does not 

  Fig. 5.4    Translumbar repair of type II endoleak. Note translumbar access ( black arrows ) for the administration of 
embolic glue ( white arrow )       
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provide suitable access to the leak, one may also 
consider a direct anterior transabdominal punc-
ture into the residual aneurysm sac, followed by 
standard embolization through the needle  [  10  ] .  

 A third innovative approach at residual aneu-
rysm sac embolization has emerged in which the 
aorta is approached using a catheter-based trans-
venous puncture into the aorta  [  36,   37  ] . In this 
technique, catheter access in the femoral vein is 
used to introduce a puncture needle which is then 
directed through the IVC to the residual aneu-
rysm sac. Once access is gained, embolization is 
carried out in standard fashion. 

 Laparoscopic clipping of the offending aortic 
branch vessels has also been described as a treat-
ment method of type II endoleak  [  38  ] . 

 Type III endoleaks, when present, are treated 
by relining the graft with additional endograft 
components. A successful repair of a type III leak 
depends on  fi nding the leak site. Because the leak 
site is only rarely apparent on CT imaging, aor-
tography is often needed to con fi dently identify 
the problem. Injections should be performed at 
the top of the graft and adjacent to modular com-
ponent interfaces. Once the leak site is identi fi ed, 
treatment is straightforward. 

 Type IV endoleaks have all but disappeared 
with newer generations of endografts. Type V 
endoleaks are a rare occurrence that seldom require 
treatment. If one feels compelled to intervene upon 
a type V endoleak, treatment options include 
draining the aneurysm sac, relining the endograft 
with a new endograft, or open conversion.  

   Conclusion 

 Endograft repair of aneurysm has continued to 
mature and has become the preferred means of 
aneurysm treatment. More endograft proce-
dures have led to more endoleaks, which 
remain an ongoing complication of endovas-
cular repair. An established imaging and sur-
veillance protocol is needed to safely monitor 
patients with endograft. When an endoleak is 
present, correct classi fi cation is critical to tri-
age the treatment approach. A full comple-
ment of endovascular treatment options is 
available, and when appropriately applied, 
open conversion will be rare.      
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   Etiology, Classi fi cation, and 
Pathophysiology of Aortic Aneurysms    

 Aortic disease, manifest in the form of aneurys-
mal degeneration, has been estimated to be respon-
sible for approximately 15,000–30,000 deaths per 
year in the USA  [  1  ] . Population studies of mortal-
ity in the USA rank death from aortic aneurysm as 
the 12th leading cause, mirroring the rate seen in 
other Western countries. Aortic aneurysms are 
typically classi fi ed anatomically, which also pro-
vides the most important clinical distinction when 
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  Abstract 

 Thoracic aortic aneurysm repair utilizing endovascular approaches has 
been in clinical existence for close to two decades and has quickly become 
the preferred treatment for anatomically suitable candidates. The modern 
vascular surgeon must, therefore, be familiar with new and changing treat-
ment modalities for this formidable disease. 

 This chapter describes the advances in endovascular treatments for 
DTAA, TAAA, as well as aortic arch aneurysms, with a special emphasis 
on novel endovascular techniques that are emerging to treat the complex 
array of aortic disease encountered in current practice. Hybrid open and 
endovascular operations, branched and fenestrated endograft techniques, 
chimney graft and sandwich approaches, and application in thoracic aortic 
trauma are included in this comprehensive overview of new horizons for 
thoracic endovascular repair.  
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approaching aneurysmal disease from a treatment 
perspective. Ascending, descending thoracic 
(DTAA), and thoracoabdominal aortic aneurysms 
(TAAA) are less commonly encountered than 
abdominal aortic aneurysms (AAA). For the vas-
cular surgeon, DTAA, TAAA, and AAA are the 
most common clinically relevant entity and will 
be the focus of this chapter. DTAA and TAAA 
have been estimated to occur with an incidence of 
4.5–5.9 per 100,000 person-years  [  2,   3  ] . 
Interestingly, abdominal aortic aneurysms are 
more frequently seen in clinical practice with a 
reported prevalence of approximately 2.5 % in 
individuals over 65 years of age, although this 
likely represents an underestimation of the true 
prevalence  [  4  ] . 

 The Crawford classi fi cation scheme for DTAA 
and TAAA is the most widely used system (Fig.  6.1 ). 
The scheme has proven useful clinically for stan-
dardized reporting of aneurysm outcomes by aneu-
rysm type and extent and allows comparison of 
neurological de fi cit and aneurysm-related mortal-
ity, and additionally in fl uences the type of treatment 
offered with respect to surgical approach, endovas-
cular feasibility, and need for adjunctive procedures 
based upon proximity to branch vessels.  

 The relative rarity of DTAA and TAAA com-
pared to AAA has been subject to scrutiny for 

many years, and many differing theories regarding 
the pathophysiologic difference in aortic segments 
leading to predilection for aneurysmal degenera-
tion of the infrarenal aorta have been postulated. 
Differential matrix metalloproteinase (MMP) 
activities in the thoracic versus infrarenal aortic 
segments have been cited in rat experiments as a 
putative etiologic factor  [  6  ] , although authors of 
previous reports of aortic composition argue that a 
change in the elastin to collagen ratio from proxi-
mal to distal aorta is the cause of the greater preva-
lence of infrarenal aortic aneurysms  [  7  ] . In addition, 
there are proponents of a theory of reduced vasa 
vasorum observed in the infrarenal segment lead-
ing to a predisposition to degeneration and a model 
of aneurysmal degeneration based upon pulse- fl ow 
dynamics speci fi c to the aortic bifurcation  [  8,   9  ] . 

 Thoracic aortic aneurysm repair utilizing 
endovascular approaches has been in clinical 
existence for close to two decades. Custom-
designed patient-speci fi c devices have been used 
on a trial basis since 1994 shortly after work by 
Parodi and colleagues demonstrating the feasibil-
ity of an endovascular treatment modality for 
infrarenal abdominal aortic aneurysms (EVAR) 
was described  [  10  ] . Dake and colleagues extended 
the concept to the thoracic aorta using similar 
self-expanding stents with a woven Dacron graft 

Normal I II III IV V
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  Fig. 6.1    Crawford classi fi cation scheme for thoracic and thoracoabdominal aortic aneurysms (This  fi gure was pub-
lished in Upchurch    and Patel  [  5  ] )       
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exoskeleton  [  11  ] . Since the introduction of a 
commercially available thoracic endograft in 
2005, the range of devices and delivery systems 
has increased rapidly. In a similar fashion to 
infrarenal endografts, TEVAR has quickly 
become the preferred treatment for anatomically 
suitable candidates, in part by reports of a reduc-
tion in perioperative mortality, paraplegia rate, 
and cardiovascular complications  [  12–  17  ] . In 
contrast to EVAR, however, the challenges faced 
by endovascular repair of the thoracic aorta are 
far greater. Anatomic limitations imposed by the 
great vessels with respect to adequate proximal 
landing zones and similarly, consideration of the 
distal end point in relation to the visceral segment 
of the thoracic aorta provide unique challenges 
when assessing the feasibility of TEVAR.  

   Indications for Endovascular Repair 

 The indications for TEVAR have also grown as 
experience with more complex endovascular 
techniques has proven to be durable in patients 
who might not tolerate the physiological insult 
of a traditional open DTAA or TAAA repair. 
The lack of large multicenter randomized pro-
spective trials and rarity of the disease had, up 
until the last 5 years, limited expansion of usage 
of commercial devices. This was partly due to 
the paucity of device sizes, long-term results, 
and experience with dif fi cult or hostile aneu-
rysm anatomy. Recent advances in device tech-
nology, range of device diameters, and greater 
comfort with TEVAR have allowed expansion 
of its application to aneurysms involving the 
supra-aortic trunk (also referred to as the great 
vessels) and renovisceral vessels, either entirely 
or with adjunctive covered stents using chim-
ney (also known as snorkel) techniques, and 
other pathologies such as intramural hematoma, 
penetrating ulcers, complicated type B aortic 
dissection, Kommerell’s diverticulum, and trau-
matic aortic injury. The application of endovas-
cular repair to paravisceral aneurysm repair 
ushered in an era of innovation leading to intro-
duction of branched and fenestrated endografts 
in 2001  [  18  ] .  

   General Considerations for TEVAR 

 Patient selection for TEVAR is in part constrained 
by the same limitations encountered in EVAR. 
Anatomic feasibility is derived from accurate 
imaging, usually involving contrast-enhanced 
computed tomography angiography (CTA). The 
rate of growth, minimum diameter of an aneu-
rysm, location, and proximity to important vis-
ceral and cerebral branches dictate the need and 
ability to undergo successful endograft repair. 
Accepted criteria for repair include rapid expan-
sion greater than 5 mm over 6 months or absolute 
diameter greater than 6 cm in the absence of 
symptoms. Symptomatic aneurysms may require 
repair at sizes less than 6 cm. Ulceration, saccular 
conformation, or thromboembolic aneurysms are 
all considerations in the decision to intervene 
upon a thoracic aneurysm (Table  6.1 ). Open 
repair in adequate-risk patients may prove prefer-
able to endovascular approaches where need for 
complex branch revascularization or concern for 
adequacy of endograft  fi xation is a possibility, 
despite the greater operative risk faced by the 
patient. The range of devices now commercially 
available has expanded indications for previously 
dif fi cult or hostile aortic necks, small aortic neck 
size, and severe tortuosity. In addition, the better 
trackability of newer devices appears to make 
TEVAR more widely applicable for those with 
anatomically dif fi cult aneurysm con fi guration.  

 In the preoperative assessment of patients 
considered for endovascular repair should be a 
discussion of patient comorbidities that might 

   Table 6.1    Indications for repair of thoracic and thora-
coabdominal aortic aneurysms   

 Absolute minor axis diameter > 6 cm 
 Rate of growth > 0.5 cm over 6 months 
 Thromboembolic aneurysm 
 Pain related to the presence of aneurysm 
 Connective tissue disorder-related aneurysms, e.g., 
Marfan’s syndrome, Ehlers-Danlos syndrome >5.5 cm 
on the minor axis 
 Penetrating aortic ulceration 
 Saccular aneurysm 
 Acute traumatic false aneurysm 
 Post-dissection aneurysm 
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complicate or even obviate the bene fi t of elective 
repair. Chronic renal failure not yet requiring 
dialysis in a patient who is not prepared to risk 
postoperative hemodialysis might dissuade one 
from endovascular repair. Contrast-induced neph-
ropathy (CIN) is recognized as a signi fi cant entity 
in vascular patients with a recent systematic 
review of preoperative angiography in a vascular 
population citing a frequency of CIN of 9.2 % 
 [  19  ] . Identi fi ed risk factors for CIN include age 
greater than 70 years, high contrast volume, pre-
existing renal disease, and the use of antihyper-
tensive agents. Similar studies in a coronary 
population have identi fi ed a contrast volume to 
calculated creatinine clearance ratio of greater 
than 3 as highly predictive of CIN  [  20  ] .  

   Technical Considerations for TEVAR 

 The length of coverage of thoracic aortic segment 
should also be taken into consideration with 
respect to the potential for spinal cord ischemia 
(SCI) and paraplegia. Data regarding paraplegia 
rates between TEVAR and open thoracic aneu-
rysm repair is controversial but suggests a lower 
incidence in TEVAR  [  21,   22  ] ; however, the rate 
is not insigni fi cant with estimates around 3–6.6 % 
of all thoracic endograft repairs reported  [  23,   24  ] . 
In a similar manner to open thoracic aneurysm 
repair, cerebrospinal  fl uid (CSF) drainage may 
confer protection against SCI in certain selected 
cases, such as extensive coverage of the thoracic 
aorta (>20 cm coverage)  [  25  ]  and bilateral hypo-
gastric artery occlusion, in the setting of previous 
infrarenal abdominal aortic repair. It also has 
been demonstrated to reverse postoperative para-
plegia after TEVAR  [  26  ] . Anatomical consider-
ations for endograft repair, although expanded 
and altering with the advent of newer commercial 
device, can essentially be broken down into three 
main areas: endovascular access, proximal and 
distal landing zone, and endograft sizing. 

 Access to the thoracic aorta is most commonly 
favored via the femoral arteries, and thus size of 
the iliofemoral segment, tortuosity, calci fi cation, 
and absence of occlusion or severe stenosis 
should be taken into account when planning 

TEVAR. Traditionally, an adequate size of 
iliofemoral artery would be around 8 mm, mini-
mizing the risk of iliac artery tear and allowing 
device sheath placement safely without complete 
occlusion to  fl ow during the procedure. Smaller 
device pro fi les and thus smaller delivery sheaths 
will likely make placement of TEVAR through 
smaller caliber arteries feasible; however, present 
recommendations place this size as the lower 
limit of acceptable conduit. Options for delivery 
conduit in the presence of contraindications as 
pointed above include delivery of TEVAR via 
open iliac access or even distal aortic access, 
when the iliofemoral segment is not available 
 [  27  ] . Retroperitoneal access to the iliac artery 
with anastomosis of a 10-mm Dacron graft to the 
distal common iliac artery is a well-recognized 
means of establishing an endovascular conduit 
for TEVAR (Fig.  6.2 ).  

 The proximal landing zone for TEVAR is 
classi fi ed according to coverage of the arch ves-
sels and can be represented by  fi ve discrete zones. 
The Ishimaru classi fi cation of thoracic landing 
zones is represented in the Fig.  6.3   [  29  ] . Zone 0 
requires coverage of all three arch vessels with 
proximal  fi xation in the ascending aorta. Zone 1 
abuts the innominate artery and covers both the 
left common carotid artery (LCCA) and the left 
subclavian artery (LSA). Zone 2 abuts the LCCA 
and covers the LSA. Zone 3 abuts the LSA but 
does not cover any branch vessels. Zone 4 repre-
sents a proximal landing zone in the descending 
thoracic aorta.  

  Fig. 6.2    Dacron conduit anastomosed to a bifurcated 
graft to accommodate TEVAR sheath access (Courtesy of 
Dr. Robert Rhee, M.D.)       
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 The classi fi cation of proximal landing zone 
represents more than just an anatomic delineation 
in that the decision to repair thoracic aneurysms 
requiring adjunctive procedures to revascularize 
arch vessels may in fl uence the assessment of oper-
ative risk and therefore approach to management. 
An adequate seal zone proximally is generally 
respected at 2–3 cm; however, arch angulation, 
device type, and other anatomic features of an 
aneurysm may make achieving a proximal seal 
more complex. Proximal coverage increases the 
complexity of TEVAR with carotid to carotid and 
carotid to subclavian bypasses bringing additional 
morbidity to the operation. Hybrid approaches to 
arch revascularization with debranching of the 
great vessels followed by TEVAR have been well 
described, although the magnitude of operation in 
this high-risk population is often comparable to a 
more traditional repair, leading to mixed enthusi-
asm for this approach  [  27,   30,   31  ] . Table  6.2  pro-
vides an overview of recent published studies of 
left subclavian coverage during TEVAR  without 

revascularization with respect to neurological 
outcomes of stroke and spinal cord injury.  

 Distal landing zones are determined by the 
distal extent of the thoracic aneurysm and may 
present a similar challenge if the thoracic aorta is 
aneurysmal at the level of the visceral segment. 
Collateralization of the celiac axis and superior 
mesenteric artery (SMA) via the gastroduodenal 
artery and others may allow coverage of the celiac 
with minimal adverse effects to the midgut 
organs. More distal coverage of the visceral seg-
ment involves a similar attitude to that regarding 
the arch vessels. The greater coverage that is 
required, the greater the endovascular complexity 
of TEVAR becomes. Newer techniques such as 
chimney or snorkel grafts in addition to TEVAR 
may assist in a completely endovascular solution 
in high-risk patients; however, the durability of 
these approaches is still being evaluated. Hybrid 
debranching procedures for the visceral segment 
have been described with rerouting of visceral 
 fl ow from distal targets such as the infrarenal 
aorta, iliac arteries, and prior infrarenal aortic 
bypass grafts  [  30,   40  ]  (Fig.  6.4 ).  

 Endograft sizing has altered dramatically over 
the decade of clinical use, and currently available 
devices range from 22 to 46 mm in diameter pro-
viding the ability to repair aortic inner diameters 
of 16–42 mm. The original Gore (W.L. Gore & 
Associates, Flagstaff, AZ) TAG, Medtronic 
(Medtronic, Santa Rosa, CA) Talent/Valiant, and 
Cook (Cook Medical, Indianapolis, IN) Zenith 
TX2 devices were con fi gured for larger aortic 
sizes designed to be used in patients with thoracic 
aneurysms. The recent advent of smaller endograft 
diameters has been driven by the continued inter-
est in the treatment of thoracic aortic trauma, 
where smaller aortic diameters are encountered. 
TEVAR sizing typically involves an element of 
oversizing, 10–20 % greater than the intended 
aortic landing zone diameter. This approxima-
tion, however, varies slightly by device type and 
intended placement within the aorta. Curved or 
angulated aortic landing zones often require care-
ful sizing to avoid infolding, bird’s beak, or high 
shear or stress forces. Consideration of the 
expected conformation of the endograft within a 
particular aneurysm requires experience and 

Zone
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3

Zone
4
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0

  Fig. 6.3    Ishimaru classi fi cation of thoracic aortic proxi-
mal landing zones (This  fi gure was published in Cho and 
Makaroun  [  28  ] )       
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judgment in order to select the correct device 
type and size and is aided by accurate three-
dimensional reconstructions.  

   Operative Techniques in TEVAR 

 Based upon the criteria outlined above, the intended 
access vessel is chosen for delivery. In most cases, 
the common femoral artery on the right side pro-
vides the most direct route to the aorta and is 

favored. Although open access to the common 
femoral artery may be considered, percutaneous 
approaches utilizing predelivered closure devices 
are commonly employed. Given the large sheath 
diameters that are required depending on endograft 
size, Perclose (Abbott Vascular, Abbott Park, IL) 
suture technique or similar closure techniques are 
reliable percutaneous options  [  41  ] . Contralateral 
access is obtained for placement of a marker pig-
tail catheter. Stiff wires (Lunderquist [Cook 
Medical, Bloomington, IN] or Amplatz [Boston 
Scienti fi c, Natick, MS]) are placed in the ascend-
ing aorta to allow tracking of device sheaths 
through areas of tortuosity and calci fi cation. 
Fluoroscopic visualization of wire placement is 
recommended to avoid inadvertent arch vessel 
cannulation or intracardiac placement. Marking of 
the distal end of the wire on the angiography drapes 
allows the angiography team to ensure relatively 
constant positioning of the proximal tip without 
need for repeated  fl uoroscopy. Imaging of the tho-
racic aorta at the level of interest is performed . 
Accurate imaging at the level of the arch may be 
facilitated by left anterior oblique projection, while 
at the visceral segment, lateral or oblique views 
may demonstrate celiac or SMA ori fi ces more 
clearly, and cranial-caudal views may provide bet-
ter identi fi cation of the aorta at the renal ori fi ces. 

   Table 6.2    Summary of results from selected recent published reports of left subclavian coverage without revascular-
ization during TEVAR and neurologic outcomes   

 Author  No. patients  Device  Urgency  % stroke  % SCI 

 Schoder et al.  [  32  ]   58  Talent, TAG, Endo fi t  Elective (39)  3.1  9.4 
 Urgent (19) 

 Marcheix et al.  [  33  ]   45  Talent, TAG  Elective (37)  16.7  0 
 Urgent (8) 

 Feezor et al.  [  34  ]   196  TAG  Elective (138)  4  12.1 
 Urgent (30) 

 Buth et al.  [  35  ]   606  Various devices  Various  4.2  5 
 Rodriguez et al.  [  36  ]   324  TAG  Elective (224)  8.3  8.3 

 Urgent (100) 
 Woo et al.  [  37  ]   70  TAG, Talent, TX2  Elective (47)  11  0 

 Emergency (23) 
 Kotelis et al.  [  38  ]   88  TAG, Talent, Zenith, 

Endo fi t 
 Elective (54)  3  1.5 
 Urgent/emergency (34) 

 Holt et al.  [  39  ]   78  Talent, TAG, TX2  Elective (50)  11.6  6.9 
 Emergency (28) 

Left renal graft

Distal aortic inflow anastomosis

Right renal graft

SMA graft

Celiac graft

  Fig. 6.4    Hybrid debranching of visceral segment with 
in fl ow from distal aorta.  SMA  superior mesenteric artery       
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 Intravenous heparin is given prior to introduc-
tion of large delivery sheaths and under 
 fl uoroscopic visualization directed to the proxi-
mal area of interest in the thoracic aorta. The 
selected thoracic endograft is introduced through 
the sheath and placed  fl uoroscopically just 
beyond (proximal to) the proximal neck to be 
withdrawn to the desired level prior to deploy-
ment. This maneuver is critical in allowing any 
proximal stored energy to be dissipated with 
withdrawing of the device. Inadvertent forward 
movement of the endograft can occur if proximal 
advancement followed by distal realignment is 
not attended to prior to device deployment. 
Accurate placement is essential when deploying 
the endograft near or over branch vessels, and it 
is often helpful to have wire access in the branch 
vessel from a femoral or brachial route. 

 TEVAR may involve the use of more than a 
single device component. In these cases, overlap 
between segments as per device manufacturer’s 
recommendation should be adhered to prevent 
type III endoleaks. If devices are of the same size 
and in tortuous area, a longer overlap is necessary 
to avoid type III endoleaks. The order of deploy-
ment of devices with respect to distal or proximal 
landing zones is dependent on the particular anat-
omy and device used. When more than two 
devices are used, it is recommended to treat the 
proximal and the distal landing zones  fi rst, fol-
lowed by the third larger device connecting the 
two. When treating a large proximal aneurysm, 
the distal endograft may be deployed  fi rst fol-
lowed by proximal deployment so as to stabilize 
the proximal endograft and facilitate accurate 
placement. In case of treatment for acute aortic 
dissection, deployment should occur from proxi-
mal to distal direction as retrograde dissection 
leading to fatal pericardial tamponade and aortic 
root disruption have been reported when the dis-
tal endograft was deployed  fi rst  [  40,   42,   43  ] . 
Molding of the seal zones proximally and distally 
and additionally at component zones is often per-
formed with compliant balloons depending on 
the technical result after endograft deployment. 

 The different commercial devices have idio-
syncrasies to deployment that are beyond the 
scope of this chapter, however, generally adhere 

to similar general principles after following the 
steps outlined above. The Gore TAG endopros-
thesis is an expanded polytetra fl uoroethylene 
(ePTFE) graft with an external nickel-titanium 
(nitinol) self-expanding stent component attached 
to the graft. The Medtronic Valiant Thoracic 
Stent Graft is a modular device composed of a 
woven polyester fabric within a nitinol stent 
frame and incorporated bare-metal struts at the 
proximal and distal extent that are designed to 
maintain perfusion to major branch vessels while 
extending landing zones. The Cook Zenith TX2 
device is a modular device composed of Dacron 
graft sewn to a set of stainless steel Z-stents. The 
device has active  fi xation barbs at both proximal 
and distal ends to reduce the risk of migration; 
the proximal barbs are oriented caudally and the 
distal proximally. The steel skeleton is exoskele-
ton except at the proximal end where the stents 
are inside in an effort to optimize graft apposition 
to the aortic wall. The Bolton Relay thoracic graft 
(Bolton Medical, Sunrise, FL) is made of self-
expanding nitinol exoskeleton covered with 
Dacron. The proximal portion of the device has 
an exposed bare-metal stent. There is a double 
“S” con fi guration of the support bar along the 
length of the device that is designed to follow the 
natural curve of the aorta while providing colum-
nar strength. 

 After successful deployment of the endograft, 
completion angiography is performed to assess 
the proximal, distal, and component seal zones. 
This may be undertaken before or after balloon 
apposition but should be focused on the presence 
or absence of endoleaks, adequate  fi xation in 
proximity to branch vessels without occlusion of 
the branch, and acceptable con fi guration within 
the aorta, i.e., no evidence of critical narrowing, 
crimping or folding, or poor apposition along the 
lesser curvature of the aortic arch (bird’s beak). 
The presence of endoleaks can be dif fi cult to 
appreciate when subtle, and incorporating a delay 
into the subtracted imaging may assist in detect-
ing this occurrence. Lateral or oblique projections 
may be required to image visceral ori fi ces to 
ensure patency. Extension cuffs or balloon appo-
sition of inadequate seal zones for endoleaks will 
usually suf fi ce in the absence of a gross technical 
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misadventure and correct graft placement. Type I 
to III endoleaks have been described in reports of 
TEVAR outcomes, similar to that experienced in 
EVAR, with a frequency of 19–40 %  [  44,   45  ] . 
Table  6.3  details recent thoracic endograft trials 
with respect to neurological and aneurysm-related 
outcomes and mortality.   

   New Horizons for TEVAR Application 

   Branched and Fenestrated Endograft 
Repair 

 Following along the continuum of endovascular 
solutions for complex TAAA repair, a clinical 
focus had been established in a completely endo-
vascular solution that attempted to reproduce 
normal thoracoabdominal aortic morphology 
with durable renovisceral branch preservation. 
Branched endografts represent an important step 
in the evolution of TEVAR toward an aneurysm-
speci fi c endovascular repair. The interest in these 
speci fi c devices has grown from physician-cham-
pioned trials at selected institutions under investi-
gational device exemption (IDE) protocols to 
industry-sponsored multicenter trials such as the 
Ventana TM  (Endologix, Irvine, CA) fenestrated 
stent graft trial with the intent of bringing 

branched and fenestrated thoracoabdominal 
grafts to commercial viability. 

 The ability to perform a completely endovas-
cular repair of a TAAA was  fi rst demonstrated in 
2001 with visceral perfusion to both renal arter-
ies, celiac, and SMA maintained by branched 
grafts from the endograft (Fig.  6.5 )  [  18  ] . The 
clinical realization of this pioneering concept has 
since led to the application of branched and 
fenestrated endografts to selected patients who 
were precluded from standard endovascular 
repair based on anatomical constraints and who 
also were not favorable candidates for open repair 
 [  50–  57  ] . Contraindications to complete endovas-
cular repair vary within trial exclusion criteria 
and physician selection, however, generally 
include patients with signi fi cant stenosis or vis-
ceral branch angulation relative to the aortic cen-
terline, patients who present as an emergency or 
urgently, primarily due to the complex technical 
nature and duration of the procedure, and patients 
who are not able to tolerate the greater amounts 
of contrast dye administered due to severe under-
lying renal failure.  

   Technique 
 Technical considerations regarding the use of endo-
vascular stent grafts with branch perfusion include 
the decision to use a custom-made fenestrated or 

   Table 6.3    Outcomes from recent thoracic endograft trials   

 Series 
 No. 
patients  Device 

 30-day 
mortality (%)  SCI (%)  MAE (%) 

 Late endoleak 
(%) 

 Aneurysm 
growth (%) 

 1 year 
aneurysm-
related 
survival (%) 

 Thompson et al. 
 [  46  ]  

 46  Excluder  4  0  23  NR  0  100 

 Riesenman et al. 
 [  47  ]  

 50  Various  8  0  NR  21.8  0  NR 

 Rodriguez et al. 
 [  36  ]  

 406  TAG  5.5  1.9  22.7  4  NR  94.4 

 Gore TAG  [  16  ]   140  TAG  1.5  2.8  28  3.9  9  97 
 TX2 investiga-
tors  [  17  ]  

 160  TX2  1.9  5.6  41.9  3.9  7.1  94.2 

 VALOR trial 
 [  13  ]  

 195  Talent  2.1  8.7  30  12.2  8.5  96.9 

 Murphy et al. 
 [  48  ]  

 58  Talent, 
TAG, TX2 

 3.4  3.4  24.1  13.8  8.6  96.6 

   SCI  spinal cord injury,  MAE  major adverse event as de fi ned per Sacks criteria  [  49  ] ,  NR  not reported (includes studies 
where standardization of outcome between studies is not suitable to be included as a comparison)  
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branched device or a combination branched and 
fenestrated device. The use of fenestrations is more 
relevant in discussion regarding para- or juxtarenal 
aneurysms that have a signi fi cant infrarenal com-
ponent and a short or unfavorable proximal neck 
that requires  fi xation at or above some of the vis-
ceral branches. Fenestrations at the level of the 
renal artery might allow adequate sealing for a 
short proximal neck, however, more likely would 
be the use of a branched graft to one or more renal 
arteries with scallop or fenestration of the endograft 
to celiac and SMA segments, respectively  [  58–  60  ] . 
Access from the femoral route is required for deliv-
ery of the larger diameter branched thoracic 
endograft, and contralateral placement of a large 
sheath (20 Fr or similar) facilitates placement of 
branch wire access and delivery systems 
(Fig.  6.6 ).  

 Axillary or brachial access is required for 
placement of a branch stent if oriented caudally 
and is best facilitated by a coaxial technique using 
two wires via upper extremity access with one of 
the wires traversing from brachial to femoral 
artery. The choice of balloon-expandable or self-
expandable stents and whether to use covered or 
uncovered stents is highly dependent on aneu-
rysm con fi guration, although the use of covered 

  Fig. 6.5    Quadruple-branched endograft repair of thora-
coabdominal aneurysm.  1  – Guidewire access to right 
renal artery.  2  – Radiopaque marker at outer edge of 
branch cuff.  3  – Distal end of the undeployed Fluency™ 
graft.  4  – Proximal end of the undeployed Fluency™ 
graft.  5  – Inner end of the branch cuff (Courtesy of 
Dr. Timothy A.M. Chuter, DM)       

a b c

  Fig. 6.6    Cannulation of branched endograft cuff with 
placement of branch graft within visceral vessel. ( a ) 
Branched endograft positioned with cuff directed toward 
visceral vessel takeoff. ( b ) Wire access and stabilizing 

sheath placed within visceral vessel. ( c ) Branched graft 
deployed within visceral vessel with proximal portion 
within branched endograft cuff (Courtesy of Dr. Timothy 
A.M. Chuter, DM)       
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stents is appropriate for branch revascularization 
in situations where the branch lies within aneu-
rysmal aorta so as to exclude branch  fl ow from 
the aneurysm sac  [  56  ] . Balloon-expandable stents, 
when used, are placed with enough length inside 
the aortic graft to allow overdilation and  fl aring of 
the internal segment. This functions to provide 
additional stability of the stent by functioning as a 
rivet to the main aortic graft  [  54  ]  (Fig.  6.7 ).   

   Results 
 Literature regarding the durability and long-term 
outcome of fenestrated and branched grafts is 
gradually accumulating as the number of 
implanted devices continues to increase. The 
largest contemporary series of branched and 
fenestrated devices was described in a study 
enrolling 406 patients with TAAA and 227 
patients with juxtarenal aneurysms over a 9-year 
period. The total 30-day mortality for all variants 
of juxtarenal and TAAA was 3.2 % with the high-
est mortality seen in the group of patients under-
going type I TAAA endovascular repair (12.5 %), 

although only 16 patients underwent repair of 
this type. The lowest 30-day mortality was seen 
in juxtarenal aneurysm repair (1.8 %). Late aneu-
rysm rupture after endovascular repairs was very 
rare (0.8 %) and was due to component separa-
tion in two of the six patients. A combination of 
branched celiac and SMA with reinforced renal 
fenestrations was placed with a renal fenestration 
occlusion incidence of 2.2 % at a mean follow-up 
of 15 months. The authors further describe asso-
ciated renal and mesenteric branch complications 
with worsening glomerular  fi ltration rate (GFR) 
occurring in four of  fi ve patients with renal fenes-
tration occlusion with two patients requiring 
hemodialysis, one of these permanently. Only 
one branch occlusion was noted in this series, as 
a result of sidearm branch compression; however, 
this led to patient death  [  61  ] . Regarding SCI, a 
4.3 % rate was reported which is not signi fi cantly 
different when examined against a matched sur-
gical cohort (7.5 %)  [  62  ] . 

 The Fenestrated Investigators trial reported 
the intermediate outcomes (24 months) of 

  Fig. 6.7    CT reconstruction following complete endovas-
cular thoracoabdominal branch graft repair with four ves-
sel branch preservation ( left ) and innominate and left 

common carotid branch preservation with left carotid to 
subclavian bypass ( right ) (Courtesy of Dr. Timothy A.M. 
Chuter, DM)       
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a prospective, multicenter trial designed to 
assess the Zenith Fenestrated AAA 
Endovascular Graft (Cook Medical, 
Bloomington, IN) in 2009. The trial was 
speci fi cally aimed at juxtarenal aneurysms with 
short proximal necks with image-guided 
patient-customized endografts. The most com-
mon con fi guration of the device incorporated 
two renal arteries and a fenestration for the 
SMA. The investigators report no aneurysm-
related death, aneurysm rupture, or open con-
version in the 24-month follow-up period. Type 
II endoleaks were noted in 26.1 % of patients; 
however, no patients sustained an increase in 
aneurysm size during this period. Renal events 
occurred in 26.7 % of patients: speci fi cally four 
renal artery stenosis, two renal artery occlu-
sions, and two renal infarcts. There were no 
incidences of dialysis-dependent renal failure 
during the 24-month follow-up period  [  59  ] . 

 A systematic review of the current literature 
from 2000 to 2009 regarding fenestrated or 
branched endograft repair of TAAA highlighted 
the outcomes published regarding endovascular 
repair. The authors reviewed a total of 155 
patients described in seven studies with a mean 
follow-up of 11.8 months. In 94.2 % of patients, 
technical success was achieved, in line with pre-
vious reports. There was a 7.1 % 30-day mortal-
ity overall, and 82.6 % of patients survived at 
1 year. Interestingly, the authors describe a low 
incidence of permanent paraplegia of 1.9 % with 
1.3 % incidence of paraparesis. The overall fol-
low-up mortality in the reviewed period was 
16.1 %. The authors conclude that endovascular 
repair is encouraging for patients who are un fi t 
for traditional open surgical repair  [  51  ] . 

 A recent small review of a single-institution 
experience describes a series of 50 patients 
treated using a custom-made Zenith device with 
 fi xed branches. The authors point to primary and 
primary-assisted technical successes of 88 and 
92 %, respectively. There was a single intraopera-
tive death due to aneurysm rupture. The authors 
highlighted the challenges of total endovascular 
repair with loss of two renal arteries during the 
initial procedure, loss of one celiac axis due to 
cannulation failure, and inability to cannulate the 

renal arteries in two patients who subsequently 
required laparotomy and retrograde renal bypass 
in one patient and splenorenal bypass in the other. 
The authors pointed to a moderate 30-day mor-
tality of 8 and a 73.7 % freedom from further 
intervention at 2 years as evidence of feasibility 
of this approach  [  63  ] . 

 While complete endovascular repair of TAAA 
shows feasibility and satisfactory early outcomes, 
the technology is not readily available for general 
use. The technology involved is complex and 
dif fi cult. The device requires about 6 weeks of 
manufacturing time and thus is not applicable for 
emergent or urgent situations, although safety 
and ef fi cacy of standardized “off-the-shelf” 
devices are being evaluated at the present time 
 [  60  ] . For patients who may not tolerate an open 
thoracoabdominal or thoracic operation but 
whose anatomy and extent of aneurysm mandate 
coverage of visceral or supra-aortic trunk and do 
not have access to complete endovascular repair, 
alternative approaches have been developed.   

   Hybrid Repair 

 The term hybrid repair describes the performance 
of an open surgical debranching or rerouting of 
branch vessel in fl ow to allow placement of a tho-
racic endograft either during the same operation 
or as a second stage once recovery from the open 
operation has occurred. For visceral vessel deb-
ranching, the in fl ow sources are commonly from 
the common iliac artery, infrarenal aorta, or pre-
vious aortic graft. For great vessel debranching, 
the in fl ow sources may be the common carotid or 
the ascending aorta. This effectively extends the 
potential landing zone for TEVAR either proxi-
mally or distally while preserving blood  fl ow to 
the critical branch vessels. 

   Debranching for Lesions Involving 
the Renovisceral Vessels 
   Technique 
 Visceral debranching takes place via a standard 
abdominal exposure of the paravisceral aorta. If a 
complete thoracic endograft repair of the paravis-
ceral segment is anticipated with coverage of all 
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four visceral vessels, then exposure of SMA, 
celiac, and both renal arteries is obtained. A 
bifurcated, trifurcated, or hand-fashioned 
con fi guration of Dacron or ePTFE graft is anas-
tomosed to the distal in fl ow source, and sequen-
tial bypasses to the visceral vessels are performed 
to minimize individual vessel ischemic time. 
Bypass can be performed end-to-end or side-to-
end with ligation of the proximal segment of the 
vessel to prevent a type II endoleak. Similar to 
mesenteric revascularization procedures, the 
celiac axis bypass graft is usually routed retro-
pancreatic with the celiac trunk or common 
hepatic artery as targets. Bypass to the infrapan-
creatic portion of the SMA is the usual 
con fi guration (Fig.  6.8 ). Access for TEVAR is 
then performed after completion of the debranch-
ing or most usually within the same hospitaliza-
tion via the contralateral iliofemoral artery. In the 
event that the iliac arteries are not of suf fi cient 
size to accommodate the larger sheath required 
for the thoracic endograft, a conduit can be added 
to the branched Dacron graft that can be placed in 
a subcutaneous pocket for simple exposure and 
endograft delivery at the second stage.   

   Results 
 The timing of thoracic endografting was addressed 
in a small series by Lin et al. where 27 patients 
who underwent staged hybrid repair were com-
pared with 31 patients undergoing a concomitant 
combined repair  [  64  ] . The results demonstrated a 
clear bene fi t to a staged rather than combined 
approach, in terms of perioperative morbidity, 
mostly due to the incidence of renal complica-
tions. The authors concluded that combined 
hybrid treatment strategies should be approached 
with caution for this reason. Interestingly, the 
staged approach was associated with a not 
insigni fi cant incidence of aneurysm rupture of 
6 % when the duration between stages was pro-
longed and, thus the authors suggest same-admis-
sion two-stage repair as the preferred approach. 

 A meta-analysis of recent reports of hybrid 
approaches to thoracoabdominal aortic patholo-
gies attempted to assess outcomes across the 
spectrum of published experience. Moulakakis 
et al. reported on 19 publications with a total of 

507 patients and demonstrated excellent pooled 
estimates of primary technical success and vis-
ceral graft patency of 96.2 and 96.5 %, respec-
tively  [  65  ] . The pooled outcome estimates for 
irreversible paraplegia of 4.5 % and renal failure 
of 8.8 % are similar to previously reported out-
comes with hybrid and open repair of TAAA; 
however, the authors reported a pooled 30-day/
inhospital mortality rate of 12.8 %, concluding 
that the hybrid approach is still associated with 
signi fi cant mortality rates, and cited this uncer-
tainty of its potential bene fi ts as the cause of hesi-
tation for wide application. Salient features of the 
hybrid repair have been reported in publications 
mainly from single institutional experiences and 
focus on the bene fi t of a less morbid abdominal 
procedure and endografting over the more inva-
sive thoracoabdominal incision. 

 Quinones-Baldrich et al. reported their 10-year 
outcomes and experience with a combined endo-
vascular and surgical approach at a single institu-
tion in 20 patients. The authors pointed to a 2-year 
all-cause mortality of 76.5 %, paraplegia inci-
dence of 6.6 %, and absence of graft thrombosis at 

SMA graft
Celiac graft

Right renal graft

Left renal graft

Bifurcated Dacron
graft

  Fig. 6.8    Intraoperative photograph illustrating visceral 
debranching with retrograde bypass grafting to all four 
visceral vessels from the distal aorta.  SMA  superior mes-
enteric artery       

 



836 Thoracic Endovascular Aortic Repair (TEVAR): New Horizons

a mean follow-up of 16.6 months as comparable 
to that of contemporary series of open thoracoab-
dominal repair  [  40  ] . Perioperative complications 
were described by the authors to comprise acute 
renal failure not requiring dialysis in one patient, 
reoperation for enterotomy with prolonged respi-
ratory failure, and chylous ascites managed con-
servatively in another patient. Three patients were 
readmitted within 30 days of the operation; one 
for a type IB endoleak that was managed with 
endovascular extension of the thoracic endograft 
and two patients for partial small-bowel obstruc-
tion requiring laparotomy and lysis of adhesions. 
The authors performed 13 single-stage repairs, 
where both abdominal debranching and thoracic 
endografting occurred during the same operation, 
and six two-stage repairs, with thoracic endograft-
ing occurring during the same admission after a 
short period of recovery from the abdominal stage. 
The authors concluded that the hybrid approach is 
a durable solution for patients with signi fi cant 
comorbidities; however, in younger, better-surgi-
cal-risk patients, the conventional open approach 
should be the preferred treatment.   

   Debranching for Lesions Involving 
the Aortic Arch 
 The presence of great vessels, arch angulation, 
and high blood  fl ow in the arch all render the 
management of diseases involving or near the 
arch a great challenge for both the surgeon and 
the patient. Traditional open reconstruction 
requires cardiopulmonary bypass and often deep 
hypothermic circulatory arrest with their atten-
dant morbidities and mortality. Aortic cross-
clamping in the arch is associated with neurologic 
complications including stroke, paraplegia, and 
retrograde aortic dissection. Thus, high-risk 
patients who are not candidates for conventional 
open repair may be treated by hybrid approach. 

 A variety of ways exists for debranching the 
great vessels depending on involvement of the 
aortic arch with the disease process and the num-
ber of the vessels requiring revascularization. 
The management of the LSA, however, remains a 
controversial issue. Management has swung pen-
dulously from initial revascularization of all LSA 
undergoing planned proximal landing zone in 

Zone 2 through selective revascularization. 
Coverage of the LSA is generally well tolerated 
by most patients; however, attendant risks in 
selective or non-revascularization strategies have 
recently been demonstrated to be associated with 
increased stroke and SCI. A higher overall stroke 
rate of 12–13 % was noted with coverage of the 
LSA compared with 0–2 % with LSA revascular-
ization  [  34,   39,   66  ] . The combined stroke and 
SCI rate was noted to be signi fi cantly higher 
(8.4 % without versus 0 % with LSA revascular-
ization) in a review of the European Collaborators 
on Stent-Graft Techniques for Aortic Aneurysm 
Repair (EUROSTAR) registry data  [  35  ] . The 
rationale for revascularization is that occlusion of 
the LSA may lead to vertebrobasilar ischemia 
with resultant posterior circulation strokes as 
well as anterior circulation strokes by compro-
mising perfusion pressure to the Circle of Willis. 
Due to the added complexity and cost with poten-
tial complications, selective LSA revasculariza-
tion has been advocated  [  41–  44  ] . The Society for 
Vascular Surgery, however, has issued the follow-
ing guidelines  [  67  ] : routine LSA revasculariza-
tion is suggested when coverage is planned in an 
elective setting. LSA revascularization is recom-
mended in the following circumstances: patent 
LIMA to coronary graft, left upper extremity 
hemodialysis  fi stula, diminutive or absent right 
vertebral arteries, left hand ischemia, extensive 
coverage (>20 cm) of the descending thoracic 
aorta, hypogastric artery occlusion, and termina-
tion of the left vertebral artery into the posterior 
inferior cerebellar artery. In emergency situa-
tions, individualized and expectant management 
is recommended. 

   Technique 
 The LSA can be revascularized by either LCCA 
to LSA interposition grafting using a 7- or 8-mm 
prosthetic bypass graft or LSA transposition to 
the LCCA  [  68  ] . The latter cannot be done when 
the vertebral artery (VA) originates from a very 
proximal segment of the LSA or in the presence 
of a patent internal mammary artery to coronary 
artery bypass graft. The  fi rst segment of the LSA 
is exposed for transposition through a transverse 
cervical incision above the clavicle. Dissection is 
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carried between the two heads of the sternocleido-
mastoid muscle  [  45  ] . Alternatively, the sternal 
head can be detached to facilitate the exposure 
 [  69  ] . The omohyoid muscle is divided and the 
internal jugular vein retracted laterally. On the left 
side, care is taken to identify, divide, and ligate 
the thoracic duct and other small lymphatics. The 
small multiple lymphatics should be similarly 
handled on the right. The phrenic nerve, located 
on the anterior surface of the scalenus anticus 
muscle as it runs from a lateral to medial direction 
toward the mediastinum, must be preserved. The 
common carotid artery is mobilized for a suf fi cient 
length. The vertebral vein is ligated as it crosses 
the LSA anterior to the VA. The LSA and its 
branches are isolated and dissected free. The 
medial aspect of the scalenus anticus muscle may 
be divided or retracted when more distal segment 
of the LSA is necessary. Following systemic hep-
arinization, the LSA proximal to the vertebral ori-
gin is ligated and divided. The vessel is then 
brought into approximation with the common 
carotid artery and anastomosed to the posterolat-
eral aspect using the standard technique. 

 When a bypass is planned, the LSA is exposed 
in its second or third portion. Exposure of the 
artery is achieved by dividing the clavicular head 
of the sternocleidomastoid muscle, the omohyoid, 
and detaching the scalenus anticus muscle. Other 
precautionary measures with respect to the lym-
phatics and nerves are applied. A prosthetic inter-
position graft of appropriate size, usually 7 mm, 
is then anastomosed in the standard fashion. 

 As the disease involves more proximal arch 
such that proximal landing in zone 1 or 0 becomes 
necessary, more extensive revascularization 
should be performed. When landing in zone 1, 
preservation of blood  fl ow to the LCCA and the 
LSA can be accomplished by extra-anatomic 
bypass grafting: right common carotid artery 
(RCCA) to LCCA bypass grafting with either 
sequential bypass to the LSA or transposition of 
the LSA to the LCCA (Fig.  6.9 ).  

 These extrathoracic procedures are less inva-
sive and better tolerated than intrathoracic deb-
ranching procedures performed through a median 
sternotomy. Carotid to carotid bypass can be tun-
neled either anterior or posterior to the pharynx. 

While it is technically a bit easier to place the 
graft anteriorly, it carries the risk of being exposed 
in subsequent median sternotomy or neck dissec-
tions. For this reason, the authors prefer to place 
it in a retropharyngeal fashion. 

 To assure adequate landing in zone 0, in fl ow is 
originated from the ascending aorta through a 
sternotomy. The ascending aorta should be evalu-
ated with a preoperative CTA to assure that it is 
free of embolic burden such as atheroma or 
calci fi cation so as to minimize the risk of cerebral 
embolic complication. A mini-sternotomy with 
extension to the fourth intercostal space may be 
utilized with adequate exposure. The pericardium 
is opened, and the ascending aorta is exposed and 
inspected (Fig.  6.10 ). Intraoperative transesopha-
geal echocardiography can also be very helpful to 
evaluate the quality of the ascending aorta if there 
remains a clinical suspicion.  

 When TEVAR is planned at the same setting as 
a debranching procedure, as is required in compli-
cated type B aortic dissection or in the setting of 
severe iliac stenosis, an 8-mm conduit for a stent 
graft should be pre-sewn to the hood of the aorto-
innominate graft. The systolic blood pressure is 
then lowered to about 100 mmHg before a side-
biting clamp is applied as far laterally over the 
ascending aorta as possible. The latter maneuver is 
important to avoid compression of the aorto-innom-
inate graft by the sternum once it is reapproximated. 
A  fl anged Dacron graft of 10–12 mm in diameter is 
anastomosed in the usual fashion. Once hemostasis 
is assured, the patient is systemically heparinized 

LSCA

LCCA

  Fig. 6.9    Left subclavian to left carotid transposition in 
preparation for thoracic endograft delivery with proximal 
landing in arch zone 2       
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 [  70  ] . The graft is placed posterior to the innominate 
vein and anastomosed to the innominate artery in 
the usual fashion. Physiologic monitoring of the 
brain function is helpful to detect and treat cerebral 
ischemia. If the LCCA or the LSA needs to be 
revascularized, then a 7- or 8-mm sidearm graft(s) 
can be originated from the aorto-innominate graft. 
This reduces the risk of kinking of one of the limbs 
in the event a bifurcated graft is sewn to the aorta as 
well as bulk effect posterior to the sternum and con-
sequent compression of the grafts by the reapproxi-
mated sternum. 

 TEVAR is then performed through a conduit 
using the standard technique in the same setting. 
Alternatively, it can be performed in a staged 
fashion through femoral access.  

   Results 
 Bergeron et al. reported their experience with 
102 patients with TAAA with emphasis on a 
subgroup of 25 patients who required open 

adjunctive procedures to create a suitable proxi-
mal landing zone for thoracic endografting  [  71  ] . 
The authors performed partial arch debranching 
in ten patients and a complete arch debranching 
in 15 patients. Thoracic endografting was under-
taken within 1–2 weeks from the open operation. 
Interestingly, the authors did not perform left 
subclavian bypass, instead selectively coiling the 
left subclavian only when a type II endoleak was 
apparent. In their reported series, there was one 
minor stroke at the time of partial arch debranch-
ing and one proximal aortic dissection as a result 
of clamp injury that resolved spontaneously. 
Postoperatively from the initial open operation, a 
minor stroke was observed in one patient due to 
occlusion of the LCCA bypass, which was 
treated with carotid to carotid bypass. The over-
all stroke rate was 8 % in this series. The 30-day 
mortality was 8 %; one patient died from wire 
perforation of the left ventricle and the other 
from multi-organ failure due to iliac artery rup-
ture during thoracic endograft deployment. The 
endoleak rate in this series was 17 %, which the 
authors describe as three minor type I endoleaks, 
of which one was managed with graft extension, 
and one type II endoleak from the left subclavian 
artery, which was coiled at 1 week. 

 Melissano et al. reported their outcomes with 
64 patients with TAAA involving part of all of 
the aortic arch  [  72  ] . The authors categorized the 
proximal landing zones of the proposed thoracic 
endograft using the Ishimaru classi fi cation; 14 
cases required deployment in zone 0, 12 cases 
zone 1, and 38 cases in zone 2. The authors report 
30-day mortality, stroke, and spinal cord isch-
emia rates of 6.3, 3.1, and 3.1 %, respectively. A 
policy of selective revascularization of the left 
subclavian artery was instituted for patients who 
had previously undergone left internal mammary 
coronary bypass, when the contralateral vertebral 
artery was inadequate, in young patients, in left-
handed professionals, and in cases of previous 
abdominal aortic surgery to prevent paraplegia. 
The incidence of type I endoleak in this series 
was 12.5 % and aneurysm-related death rate was 
16.5 %  [  49  ] . It is of note that the shortest landing 
zone was associated with the highest incidence 
rate of type IA endoleak at 33.3 %. The authors 

LCCA graftInnominate
graft

Left BCV

LSA graft

Conduit for
endograft

  Fig. 6.10    Ascending aorta as in fl ow for complete arch 
debranching prior to thoracic endograft delivery with 
proximal landing in zone 0. Conduit can be seen attached 
to the ascending graft for antegrade endograft deploy-
ment.  LSA  left subclavian artery,  CCA  common carotid 
artery,  BCV  brachiocephalic vein       
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discuss their concern over the durability of 
extrathoracic bypass for the left carotid artery 
when compared to intrathoracic bypass. Carotid 
to carotid bypasses have patency rates of 88 % at 
3 years and 84 at 5 years;  [  49,   73  ]  however, expe-
rience with atherosclerotic bypass of the supra-
aortic vessels does imply a better patency rate 
with intrathoracic bypass  [  74  ] . 

 In a pooled analysis of selected studies of aor-
tic arch debranching procedures (excluding case 
reports, series with less than  fi ve patients, mixed 
studies, studies in which cardiopulmonary bypass 
was used), a mean mortality rate of 15 %, stroke 
rate of 8 %, and paraplegia rate of 2 % were noted 
 [  75,   76  ] . Occlusion or hemodynamically 
signi fi cant stenosis of a bypass graft in this loca-
tion can have devastating consequences. The 
long-term patency rate was estimated at 96 %. It 
should be noted, however, that the literature is 
sparse on the long-term data of debranching 
grafts. Notwithstanding, the patency rates fol-
lowing debranching are similar to patency rates 
of bypass grafts performed for occlusive disease 
and offer promise for excellent long-term 
durability.    

   Chimney/Snorkel Technique 

 The chimney graft was  fi rst conceptualized by 
Greenberg et al. in 2003  [  77  ] . The concept was 
the use of self-expanding stents running parallel 
to the aortic wall to preserve blood  fl ow to the 
renal artery while extending proximal landing 
zone for aortic stent graft. Hiramoto et al. then 
reported salvage of the inadvertently covered left 
common carotid artery during TEVAR using a 
stent  [  78  ] . Subsequently, Larzon et al. described 
“the top fenestrating technique” which reopened 
the renal, left common carotid, or the left subcla-
vian arteries by preplaced stents  [  79  ] . Uncovered 
stents were predominantly used until Ohrlander 
et al. introduced the term “chimney graft” using a 
covered stent  [  80  ] . 

 The chimney (also known as snorkel) strategy 
consists of placing parallel stents or stent grafts 
adjacent to the main body endograft to preserve 
blood  fl ow to renal, visceral, and great vessels 

after exclusion of the aortic lesion. This approach 
can be used in patients who cannot tolerate open 
abdominal or thoracic operation in a planned 
fashion or as a bailout from inadvertent coverage 
of critical branch vessels during endovascular 
repair. 

 An extended application of the chimney tech-
nique is a “telescoping” chimney grafts in which 
multiple chimney grafts are used to provide the 
length needed to provide antegrade  fl ow to the 
visceral vessels  [  81  ] . To extend the distal landing 
zone, a variant of the chimney technique, the 
“periscope” technique, in which the graft is 
reversed and the direction of blood  fl ow to the 
target vessel is retrograde can be applied  [  82  ] . 
Another variant of this concept is the “sandwich 
“technique described  fi rst by Lobato et al. in 2010 
 [  83  ] . The concept of this technique is to have the 
chimney grafts sandwiched between two aortic 
endografts. First, the main aortic stent graft is 
deployed with the distal end above the origins of 
the visceral/renal vessels of interest. Next, the 
target vessels are chimney grafted followed by 
deployment of another main aortic graft distal to 
the target vessels. The area between the proximal 
aspect of the chimney grafts and the gap between 
the two aortic grafts are then bridged by deploy-
ment of another aortic stent graft. 

 The successful chimney EVAR is predicated 
on thrombosis/closure of the “gutters,” the space 
created by the presence of chimney stent/graft 
between the main aortic endograft and the aortic 
wall, or closure of the gutters around the chim-
ney, a phenomenon that is affected by a variety of 
factors such as aortic wall rigidity, the number of 
chimneys, the length of the gutters, morphology 
of the neck, and size of the aorta. 

 Interactions between the aortic wall, chimney 
graft(s), and aortic endograft lead to conforma-
tion of these structures around each other, thereby 
closing/thrombosing the gutters. Local deforma-
tion of the aortic wall around the chimney graft is 
one example. If the aortic wall is calci fi ed and 
rigid, it may not accommodate the chimney 
graft(s) and may contribute to an inadequate seal. 
The endograft also accommodates the chimney 
graft(s) by infolding and wrapping around it 
(them). To account for the additional fabric 
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infolding to accommodate the chimney graft(s), 
the main body endograft is oversized by 20–30 % 
 [  84,   85  ] . Although the minimum length of the 
gutters to assure closure/thrombosis has not been 
evaluated, the longer the gutters, the higher the 
chances are for spontaneous thrombosis as resis-
tance to  fl ow is proportional to the length of  fl ow 
channel. At least 10–15 mm of sealing zone is 
thought to be necessary  [  84,   86  ] , although some 
authors recommend 20 mm  [  87  ] . 

 The maximal number of chimney grafts that 
can be safely used has not been evaluated. Most 
studies report the use of two or less chimney 
grafts per patient. The use of three or more chim-
ney grafts has been reported rarely and is associ-
ated with higher technical failure and endoleak 
rates  [  80,   81,   84,   85,   87  ] . Some investigators have 
limited their chimney grafts to two and intention-
ally covered the lower renal artery or coil embo-
lized it if it originated from the aneurysm in order 
to prevent a type II endoleak. Other investigators, 
however, have reported successful use of three or 
more stent grafts  [  88–  90  ] . It should be noted, 
however, as the number of chimney/periscope 
grafts used in a given patient increases, there is a 
progressive reduction in the cross-sectional area 
of the aortic lumen. This can be a problem with a 
small (<16 mm) aortic diameter in terms of 
crowding of the lumen  [  86  ] . 

 Aortic neck morphology may play an impor-
tant role. It is important to recognize that proxi-
mal  fi xation length is not necessarily the same as 
sealing zone when employing the chimney tech-
nique. The  fi xation length will be the sealing 
zone only when the gutters thrombose or close 
around the chimney graft(s), which may not occur 
in the setting of a reverse-tapered aortic neck. 
The presence of a sealing “ring” or segment 
below the chimney graft (or proximal to the 
chimney in the setting of periscope graft) would 
be helpful to achieve a seal, although not manda-
tory. In such settings, use of covered stents would 
be recommended over bare stents to maximize 
the chance of seal around the gutters. 

 The ideal choice of stent type has not been 
clari fi ed. The areas of controversy include the use 
of balloon-expandable versus self-expanding 
stents, covered versus bare stents, and the order 

of deployment. Balloon-expandable stent pro-
vides superior radial strength and allows more 
precise deployment compared with self-expand-
ing stents. It also allows deployment and balloon 
apposition at the same time, whereas self-expand-
ing stents require one more step in order to bal-
loon the stent to pro fi le. The bene fi t of 
self-expanding stents includes a lower risk of 
compression on the main aortic endograft. Both 
types of devices have been used successfully as 
chimney grafts  [  91,   92  ] . 

 With respect to the issue of bare stents versus 
covered stents (stent graft), theoretically, a cov-
ered stent would reduce the risk of a type IA 
endoleak; however, some investigators have 
reported no type IA endoleak associated with 
bare stent  [  85,   93  ] . Some investigators promote 
the use of bare stents as covered stents require 
larger introducers and are more likely to interrupt 
the cerebral blood  fl ow in the setting of chimney 
grafting of the left common carotid or innomi-
nate artery  [  94,   95  ] . Proponents of stent grafts 
raise the concern for embolic complication into 
the target vessels from thrombus that is formed in 
the “gutters” or “cul-de-sac”  [  91  ] . Routine use of 
clopidogrel is advocated for this reason. At our 
institution, the current preference is to use cov-
ered stents. If self-expanding stents are used, 
placement of an additional bare-metal balloon 
expandable stent may be needed to increase radial 
force  [  81,   84  ] . 

 Malperfusion to the target vessels may occur 
due to compression of the chimney graft by the 
main aortic graft. Conversely, lower extremity 
perfusion may be compromised due to narrowing 
of the main graft by multiple chimney grafts. 
Thus, selective pressure measurement may be 
necessary to rule out malperfusion of the vessel 
in concern. If a signi fi cant pressure gradient is 
noted, additional stenting or stent grafting should 
be performed to increase the radial force. In the 
setting of signi fi cant aortic graft stenosis and dis-
tal malperfusion, axillobifemoral bypass grafting 
may be considered  [  82  ] . 

   Technique 
 The procedure proceeds in a similar fashion to 
standard TEVAR. Under general anesthesia, 
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bilateral groins and the left upper extremity are 
prepared and draped in the sterile  fi eld. Antegrade 
access to the branch vessels is gained usually 
through the left brachial, axillary, or subclavian 
artery. Although percutaneous approaches may 
be used for the brachial artery, the authors prefer 
open exposure to minimize postoperative compli-
cations such as hematoma or thrombosis. If more 
than one branch vessel is to undergo chimney 
grafting, then the placement of two separate 
sheaths is usually required. Exposure of more 
than one vessel or a long segment of an access 
vessel may be necessary in such settings. 
Percutaneous access of femoral arteries is pre-
ferred over open exposure. 

 Careful attention is paid to assure placement 
of the chimney graft 1–2 cm proximal to the 
proximal leading edge of the main body endograft. 
Short chimney grafts may migrate over time, and 
longer grafts may become kinked or folded with 
aortic motion both leading to a risk of catastrophic 
branch occlusion. Ensuring wire access at all 
times until the completion of the TEVAR is criti-
cal in case a technical misadventure occurs, 
requiring further grafts to be placed in the branch 
vessels. Loss of wire access may result in stent 
graft deployment failure. Particular caution 
should be made when choosing the length of 
branch graft to account for signi fi cant foreshort-
ening of the graft during deployment of the tho-
racic endograft occurs. The thoracic endograft 
tends to draw the branch graft into the aneurysm 
sac, and thus, length is often lost at the proximal 
leading edge of the main body endograft. When 
access via the axillary or brachial artery is impos-
sible, access of the visceral vessels can be gained 
via the femoral artery with the branch graft 
deployed in a downward direction, thus, main-
taining retrograde  fl ow into the vessel.  

   Chimney Technique for Lesions Involving 
the Visceral Vessels 
 While open repair of pararenal/juxtarenal AAA 
and TAAA has been proven to be an effective and 
durable in centers of excellence  [  96–  98  ] , not all 
patients can undergo this physiologically chal-
lenging operation. For patients who are not  fi t to 
undergo any open abdominal procedure chimney 

technique, periscope technique or combination of 
the two may be an alternate strategy until fenes-
trated or branched grafts become available. 

 The chimney graft technique, however, is in 
general not applicable in TAAA due to the num-
ber of and the length of the chimney grafts 
needed. Thus, depending on the extent of the 
TAAA and preoperative patency of the visceral/
renal vessels, the management strategy can be 
tailored to meet the individual patient’s need. For 
instance, an extent 1 TAAA, in which the celiac 
axis and the SMA need to be revascularized, can 
be managed by periscope technique so as to avoid 
long length of chimney grafts that would have 
been required. For extent 5 TAAA, either chim-
ney or periscope technique may be utilized. In 
selected cases, the renal arteries may be surgi-
cally revascularized followed by TEVAR with 
chimney grafting to the celiac axis and/or SMA 
(Fig.  6.11 ).  

 For cases in which more than three vessels 
need to be revascularized by chimney grafts, the 
“sandwich” technique can be applied. Kolvenbach 
et al. reported a series of  fi ve patients treated for 
symptomatic TAAA using that technique  [  88  ] . 
The sandwich technique holds unique advantages 

Three
component
TEVAR

SMA chimney

Viabahn graft

  Fig. 6.11    Long superior mesenteric artery ( SMA ) chim-
ney graft during TEVAR for thoracoabdominal aneurysm. 
Bilateral retrograde renal bypass grafts from the distal 
aorta were already performed prior to TEVAR       
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over fenestrated or branched repairs in that the 
components are cheap and readily available in 
large well-stocked endovascular centers and the 
devices are familiar to the procedural surgeon 
(Fig.  6.12 ). The technique does remain experi-
mental at present, however, and requires longer-
term follow-up, and larger patient cohorts before 
recommendations can be made regarding the 
durability of this approach.  

   Results 
 Despite the initial concern for proximal endoleak 
(type IA) due to an inadequate seal from the 
chimney stent, the so-called gutters, chimney 
grafts have shown to be safe and effective with-
out a signi fi cant risk of type IA endoleaks. 
Another concern is that juxtaposition of two 
endografts (the main body endograft and the 
chimney graft) may result in material fatigue 

  Fig. 6.12    ( a ) Sandwich technique using three Viabahn 
stent grafts ‘sandwiched’ between three thoracic endograft 
components. ( b ) At the superior aspect of the repair the 
Viabahn stent grafts lie within the cranial-most endograft. 
( c ) At the middle of the repair the Viabahn stent grafts lie 

within the cranial-most endograft and outside of the mid-
dle endograft. ( d ) At the inferior aspect of the repair the 
Viabahn stent grafts lie outside of the caudal-most 
endograft (Courtesy of Dr. Armando C. Lobato, M.D., 
Ph.D.)       
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from the two endografts interacting with each 
other manifested by stent fracture or vessel injury 
that in turn will cause catastrophic events such as 
hemorrhage, stroke, or pseudoaneurysm forma-
tion  [  99,   100  ] . 

 A recent publication examining the role of 
open and endovascular modalities for treatment 
of juxtarenal aortic aneurysms highlights the 
technical challenges and outcomes associated 
with totally endovascular repair of these aneu-
rysms. For chimney graft placement, 30 patients 
were evaluated with 97.4 % technical success for 
target vessel preservation. Subsequent computed 
tomography scanning revealed two type II 
endoleaks in the chimney graft group. The 30-day 
mortality comparison between open and endo-
vascular was 6.4 % in the open group versus 0 % 
in the endovascular group with signi fi cantly less 
transfusion and length of hospital stay in the 
endovascular group. One occluded renal chimney 
graft was detected at 45 days postoperatively 
with the development of left  fl ank pain, and the 
patient underwent open thrombectomy of the left 
renal artery with subsequent iliorenal bypass. 
The authors discussed the issue of gutter leak and 
the signi fi cance with respect to long-term out-
comes. In their reported series, balloon-mounted 
covered stents were used with a high radial force 
and excellent seal achieved in all cases. The 
authors hypothesized that longer gutter lengths 
may in fact reduce the rate of type I endoleaks by 
virtue of increased resistance within the gutter 
that promotes thrombosis of the gutter  fl ow chan-
nel, thus, obliterating the endoleak over time 
 [  101  ] . Table  6.4  below examines the recent litera-
ture and outcomes regarding chimney/periscope 
grafting of the visceral aorta.    

   Chimney Technique for Lesions Involving 
the Aortic Arch 
 The aortic arch remains a challenging arena 
whether one approaches with a traditional open 
technique, endovascular means, or a combination 
thereof. A complete endovascular solution is not 
currently available and open reconstruction may 
present with signi fi cant risks especially with 
respect to cerebral ischemic complication. The 

hybrid approach to aortic arch lesions offers 
reduced morbidity and mortality by avoiding 
hypothermic circulatory arrest and aortic cross-
clamping. However, it has its own attendant risks 
related to sternotomy, especially when redo-ster-
notomy is required and access to the ascending 
aorta is limited from prior coronary bypass graft-
ing. For patients with prohibitively high surgical 
risks for hybrid or traditional repair, chimney 
grafts into the arch vessels can be utilized at the 
time of TEVAR. In the presence of a signi fi cant 
amount of thrombus in the arch, shaggy arch, or 
severe branch vessel stenosis, however, one 
should lean against the use of the chimney tech-
nique because of a signi fi cant risk of stroke. 

 When the proximal landing zone needs to be 
in zone 3, only the LSA needs to be revascular-
ized. Access to the LSA can be gained via either 
percutaneous puncture or open exposure of the 
left brachial artery. A 6-French introducer sheath 
is then inserted so as to allow retrograde hand 
injection of contrast to delineate the anatomy and 
determine the site of chimney graft deployment. 
When the brachial artery is too small, the left 
axillary artery may be used. 

 When the disease process requires coverage of 
the arch proximal to the LSA, double-chimney 
technique may be used; even complete coverage 
of the aortic arch can be achieved without a ster-
notomy  [  91  ] . First described as a “bailout” proce-
dure after inadvertent coverage of the left common 
carotid artery  [  78  ] , use of branch stent/stent graft 
to preserve great vessel patency has gained popu-
larity since open arch debranching may be accom-
panied by increased complexity and morbidity, 
mitigating the bene fi ts of TEVAR. This can be 
performed with concomitant cervical bypass 
grafting and/or vessel transposition. Access to 
either common carotid artery is gained by open 
exposure of the vessel, and retrograde chimney 
stenting can be performed in this manner. 
Similarly, via a transbrachial approach the left 
subclavian artery can be chimney stented at the 
same time as thoracic endograft placement  [  102  ] . 

 When the left common or innominate artery 
needs to be chimney grafted, controlled hypoten-
sion can be achieved with in fl ation and downward 
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traction of an occlusion balloon at the right atrial-
caval junction via femoral vein access  [  103  ] . 
Alternatively, adenosine-induced temporary car-
diac arrest can be utilized. 

 In the setting of complete arch coverage, the 
sequence of device deployment may be an impor-
tant consideration. In order to minimize ischemic 
time to the brain, some authors recommend 
deploying the chimney graft into the left common 

carotid or innominate artery before implantation 
of the thoracic endograft to avoid complete inter-
ruption of the blood  fl ow to the brain  [  94  ] . 

   Results 
 Gehringhoff and colleagues described a small con-
temporary series of nine patients undergoing 
TEVAR for symptomatic aortic arch pathologies. 
The authors reported the application of TEVAR in 

   Table 6.4    Outcomes from recent chimney/periscope grafting in the setting of visceral aortic aneurysm repair   

 Author 
 No. 
patients 

 Technical 
success 
rate 

 No. of 
covered 
arteries 

 Endoleak 
rate (type) 

 Stent 
type 

 30-day 
mortality 
rate 

 Primary 
patency rate  Complications 

 Donas    
et al.  [  101  ]  

 30  97.4 %  35 renal  6.7 % (all 
type II) 

 BES  0 %  97.4 % at 
24 months 

 1 renal chimney occlusion 
 3 SMA 

 Ohrlander 
et al.  [  80  ]  

 6  NR  7 renal  0 %  BES 
SES 

 0 %  100 % at 
30 days 

 2 SMA graft accidental 
coverage with aortic graft 

 2 SMA  1 death at 4 months 
 Coscas 
et al.  [  86  ]  

 16  94 %  20 renal  12.5 % 
(all type 
IA) 

 BES 
SES 

 12.5 %  96 % at 
10.5 
months 

 2 retroperitoneal hematoma 
 2 iliac dissection 
 1 seizure 

 6 SMA  3 renal infarctions 
 1 stroke 
 2 deaths 

 Lee 
et al.  [  84  ]  

 28  98.2 %  22 renal  25 % (2 
type I, 3 
type II, 2 
type III) 

 BES 
SES 

 7.1 %  98.2 % at 
10.7 
months 

 2 perinephric hematoma 
 3 deaths 
 1 permanent hemodialysis 

 6 SMA/
CA/
renal 
comb. 

 1 iliac artery injury 
 1 brachial plexus nerve 
injury 
 1 myocardial infarction 
 1 stroke 

 Bruen 
et al.  [  87  ]  

 21  97.3 %  20 renal  19 % (1 
type IA, 3 
type II) 

 BES  4.8 %  84 % at 12 
months 

 6 acute kidney injuries 
 2 strokes 
 2 deaths 
 1 asymptomatic SMA stent 
occlusion 
 3 access site PSA 
 3 ileus 

 9 SMA  1 renal artery occlusion 
 1 myocardial infarction 
 3 arterial thrombosis 

 Donas 
et al.  [  100  ]  

 72  99.2 %  107 
renal 

 16.7 % (6 
type I, 6 
type II) 

 BES 
SES 

 0 %  99.2 % at 
15.9 
months 

 1 renal stent occlusion 

 14 SMA  1 myocardial infarction 
 6 CA  1 renal hematoma 

   BES  balloon-expandable stent,  SES  self-expanding stent,  SMA  superior mesenteric artery,  CA  celiac artery,  PSA  pseudo-
aneurysm,  NR  not reported  
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 fi ve urgent aortic arch aneurysms, a mobile aortic 
thrombus with peripheral embolism, symptomatic 
type B dissection, penetrating aortic ulceration, 
and a persistent type I endoleak following TEVAR. 
The LSA underwent chimney grafting in eight 
cases with the LCCA undergoing chimney grafts in 
 fi ve patients. The immediate technical success, as 
measured by the patency of the target branch vessel 
after TEVAR and absence of large type I endoleak, 
was 88.9 %. The authors reported a 30-day mortal-
ity of 11 % from one patient suffering cardiac 
insuf fi ciency. In this small series, there were two 
access site complications: a brachial artery pseudo-
aneurysm requiring repair and repair of a heavily 
calci fi ed femoral artery puncture. In addition, one 
patient sustained a persistent type I endoleak that 
required surgical conversion via an open approach. 
The early follow-up results demonstrated a 
15-month patency of 78 % for arch chimney stents 
in the remaining seven patients  [  104  ] . 

 Shu et al. recently reported their outcomes 
from a similar small series of TEVAR and chim-
ney grafts for acute arch dissections  [  105  ] . A total 
of eight patients were treated with TEVAR and 
LCCA chimney grafting with intentional cover-
age of the LSA after cerebrovascular assessment. 
Particularly noteworthy is the absence of major 
complication in this series; the authors reported 
no stroke, paralysis, death, or access site compli-
cations, albeit in a limited number of patients. 
Patency was 100 % for the LCCA stents at a mean 
follow-up interval of 11.4 months. Accordingly, 
the assessment of true- and false-lumen  fl ow dem-
onstrated enlargement of the true lumen and com-
pression of the false lumen in this follow-up period 
with two conservatively managed type II endoleaks 
eventually resolving by the end of 11 months. The 
authors tentatively suggested that chimney graft-
ing in the setting of TEVAR for acute dissections 
appears promising as a therapy for patients with-
out adequate proximal landing zones. 

 These above results are in line with other lit-
erature reports of high early technical success 
and branch patency rates for acute aortic arch 
pathologies with relatively low incidence of 
endoleak and pave the way for the growing 
 experience with the chimney technique and wider 
applicability to more elective settings  [  95,   106  ] .    

   Multilayer Stent 

 Multilayer stent is the latest technology that is 
being evaluated in the treatment of vascular 
pathologies including aneurysms and dissections. 
The Cardiatis Multilayer Stent (Cardiatis, Isnes, 
Belgium) is a cobalt self-expandable bare stent 
that consists of a three-dimensional braided tube 
made of two interconnected layers. It is a type of 
 fl ow-diverter stent in which optimal  fl ow modu-
lation through the layers was reached with a 65 % 
mean porosity, which allows the exclusion of 
aneurysm by promoting laminar  fl ow in the main 
artery and the branch vessels while reducing  fl ow 
velocity and vortex into the sac  [  107–  112  ]  
(Fig.  6.13 ). The laminar  fl ow in the main sac 
decreases shear stress on the wall, results in 
around a 90 % reduction in  fl ow velocity outside 
the stent and decreased risk of rupture. In an 
aneurysm sac with branches, the  fl ow is redi-
rected to the collaterals due to the Venturi effects, 
with regression of the sac at a rate that is depen-
dent on the diameter of the branch vessels and the 
compliance of the sac. The device is currently 
available in 22–44 mm in diameter for treatment 
of aortic aneurysms.  

 There are several reports of these stents being 
used to treat aortic  [  108,   110,   113  ]  and periph-
eral aneurysms  [  107,   109,   111,   112,   114  ] . In 
France, application of this device for the treat-
ment of TAAA is under investigation (Agence 
Française de Sécurité Sanitaire des Produits de 
Santé [AFSSAPS], protocol# 2008-A01396-
49/A)  [  110  ] . Most of these reports are case 
reports with very short-term follow-up. Ruf fi no 
et al. reported on 19 patients with visceral aneu-
rysms treated at 12 different centers. Initial 
technical success was 100 %; however, two 
stent thromboses occurred within 1 month, 
resulting in 6-month stent patency and sac 
thrombosis rate of 87.5 %  [  114  ] . Other stent-
related complications such as migration, com-
ponent separation, and fracture rates have not 
been reported. One of the major limitations of 
this technology is that the branch vessel ori fi ces 
cannot be accessed during follow-up should 
that become necessary to treat subsequent 
stenosis of the overstented vessels. 
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 While these case reports show promising early 
results, due to its extremely small numbers, no 
de fi nitive conclusion can be made about early 
results, let alone long-term performance data.  

   Thoracic Endograft Application in 
Traumatic Thoracic Aortic Injury (TTAI) 

 In patients with blunt trauma, head injury is the 
prime cause of mortality. Second to this is TTAI. 
Estimates of the mortality due to TTAI in a trauma 
population range from 75 to 85 % during the ini-

tial phases of injury or subsequent resuscitation 
 [  114–  117  ] . Compounding the fatality of such 
injuries is the observation that major head, 
abdominal, and pelvic injuries, each of which 
may be life threatening, often coexist with tho-
racic aortic trauma  [  115  ] . The clear bene fi t of 
TEVAR over open aneurysm repair in the elec-
tive and emergency setting provided the impetus 
for application of TEVAR to TTAI. The trauma 
population provided an ideal opportunity to uti-
lize an endovascular mode of therapy given the 
relative underlying health of the patients, other 
additive traumatic issues, and the need for a pro-

a

b

  Fig. 6.13    ( a ) Representation of the effect on vortex 
velocity within an aneurysm sac once the multilayer stent 
is placed. A reduction of 90 % vortex velocity allows 
organized thrombus to form in layers thus excluding pres-
surization of the aneurysm sac. ( b ) Similar effect occurs 

in aneurysm sac with a branched vessel. Flow is redirected 
into the branch allowing branch patency with surrounding 
aneurysm sac shrinkage (Reproduced with permission 
from Allen Press. Benjelloun et al.  [  108  ] )       
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cedure that would allow repair to be undertaken 
with minimal physiological insult and without 
disturbance of the delicate tissues surrounding a 
contained traumatic rupture. 

 A small series of 11 patients treated with stent 
grafts for acute thoracic aortic rupture demon-
strated the feasibility of this approach to trau-
matic thoracic aortic injury. In this series, only 
three patients suffered aortic rupture due to 
trauma that underwent TEVAR, and there were 
no signi fi cant perioperative complications noted 
 [  118  ] . Since this early report, the use of TEVAR 
for blunt traumatic thoracic aortic injuries has 
increased exponentially  [  119  ] . Re fl ecting this 
trend, a recent American Association for the 
Surgery of Trauma (AAST) multicenter trial was 
completed, in which open versus endovascular 
repair of TTAI were prospectively compared and 
found to favor endovascular repair with respect to 
mortality and paraplegia rate  [  120  ] . Now, TEVAR 
has supplanted open repair for the treatment of 
TTAI at the authors’ institution, a trend that is 
observed across the country  [  121  ] . 

 However, due to the lack of commercially 
available device speci fi cally engineered for TTAI 
to accommodate typically small (average of 
19 mm diameter) and acutely angulated aortic 
arch, stent grafts implanted for treatment of TTAI 
often suffered from poor apposition to the aortic 
arch (“bird’s beak” appearance). Thus, in addi-
tion to the usual plethora of endograft-related 
complications (endoleaks, migration, material 
fatigue), physiologic aortic coarctation with dis-
tal organ malperfusion, reperfusion of the pseudo-
aneurysm, and endograft collapse have been 
reported to occur  [  122–  124  ] . 

 The underlying mechanism of collapse is mul-
tifactorial and includes a small aortic diameter, a 
tight arch angulation, excessive oversizing (even 
up to 90 %)  [  125  ] , a bird’s beak phenomenon, 
low radial force devices, and material fatigue. It 
usually occurs within 30 days of implantation 
with reported incidence ranging from 0.4 to 19 % 
and most are asymptomatic, (Fig.  6.14 ), although 
delayed collapse at 38 months has been reported 
 [  126–  128  ] . When diagnosed it should be cor-
rected whether symptomatic or not. Reintervention 
can be undertaken by either open conversion with 

stent graft explantation in case of compression or 
by endovascular means in case of invagination 
 [  127  ] . Open conversion can be performed safely 
once the patient has recovered from the initial 
traumatic injuries  [  123  ] . In a large series of 139 
TAG collapses, an 80 % successful reintervention 
rate was observed  [  127  ] .  

 Recently, newer generation devices designed 
to accommodate tight aortic angulation have 
become available. Cook TX2 Pro-Form device 
and Gore Conformable TAG devices allow greater 
 fl exibility at the aortic arch and wider range of 
oversizing as well as aortic diameter changes 
with tapered grafts to better accommodate chal-
lenging aortic morphology.   

   Conclusions 

 Thoracic endograft techniques are evolving 
and their use rapidly increasing. As EVAR has 
supplanted open infrarenal aortic aneurysm 
repair, so has the trend toward anatomically 
favorable candidates being primarily offered 
an endovascular solution. The recent innova-
tions and techniques highlighted in this chapter 

  Fig. 6.14    CT angiogram of thoracic aortic stent graft 
collapse 38 months after TEVAR for traumatic aortic 
transection. Collapse ( arrow ) was associated with spinal-
cord injury that recovered with re-expansion of endograft 
(Reproduced with permission from Elsevier. Shukla et al. 
 [  126  ] )       
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serve to describe the advances in endovascular 
capability for those patients who are not well 
suited to open repair but who are not traditional 
candidates for TEVAR. The use of chimney 
techniques has increased and adequate short-
term results have been demonstrated; however, 
the expansion of this technique to the reper-
toire of thoracic aortic surgeons may be cur-
tailed in the future with the advent and 
introduction of branched and fenestrated 
endografts into the clinical arena. 
 Broadening the indications for TEVAR to 

include acute traumatic injuries to the thoracic 
aorta has led to the realization that older genera-
tion devices were not ideally suited for placement 
in relatively normal aorta, and therefore, clinical 
application has driven innovation and newer 
devices that are able to successfully treat a wider 
range of pathologies. 

 Although endovascular repair is fast becom-
ing the preferred modality for treatment of tho-
racic aortic diseases, the physician should apply 
sound judgment when counseling individual 
patients and select the approach, device, and tim-
ing of surgery most suited to a particular individ-
ual. This will remain one of the most challenging 
aspects of thoracic aortic surgery in the modern 
era of endovascular surgery.      
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   Introduction    

 Thoracic aortic aneurysm is a progressive, life-
threatening disease that occurs with an incidence 
of about 10/100,000  [  1  ] . Progressive expansion 
and subsequent rupture will lead to death in 
45–85 % of untreated patients by 5 years  [  2  ] . 
This dismal prognosis has led our surgical depart-
ment to an early interest in the repair of thoracic 
aortic aneurysm that persists today  [  3  ] . The earli-
est repairs of aortic arch aneurysm required extra 
anatomic bypass to maintain cerebral blood  fl ow, 
cardiopulmonary bypass with resection and 
reconstruction of the aortic arch aneurysm, and 
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  Abstract 

 Open surgical repair of thoracic aortic arch aneurysm is a well-established 
technique for aneurysms involving the aorta arch or the aortic arch and 
ascending aorta. Open repair generally requires sternotomy, cardiopulmo-
nary bypass, cardiac arrest, profound hypothermia, and circulatory arrest 
to complete the repair. Hybrid procedures using arch debranching tech-
niques and thoracic endografting have been developed that can eliminate 
the need for cardiopulmonary bypass, cardiac arrest, profound hypo-
thermia, and circulatory arrest and occasionally sternotomy also. We will 
describe the approach used at the Methodist DeBakey Heart & Vascular 
Center for hybrid repair of thoracic aortic arch aneurysm with and without 
ascending aortic involvement.  
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subsequent take down of the previously created 
extra anatomic bypass. This was simpli fi ed by 
Griepp with the introduction of profound hypo-
thermia and circulatory arrest to allow cerebral 
protection during aortic arch resection  [  4  ] . 
Despite continued improvement of surgical tech-
niques, open aortic arch repair remains a chal-
lenge to the surgeon and the patient. Current 
results from the Mayo Group in a series of 95 
open aortic arch repairs revealed a mortality of 
16.8 % and a stroke rate of 9.5 %  [  5  ] . The intro-
duction of axillary cannulation and antegrade 
cerebral perfusion did allow a decrease in mortal-
ity to 6 % and stroke rate to 6 % but still high-
lights the complexity of this disease. For our 
increasingly elderly and often frail patient popu-
lation, open aortic arch repair continues to be 
associated with an in-hospital mortality of up to 
20 % and stroke rate of up to 12 %  [  6,   7  ] . For 
patients with signi fi cant comorbidities such as 
severe chronic obstructive lung disease, dialysis-
dependent renal failure, heart failure, diabetes, or 
previous stroke, open surgical repair may not be 
a viable option due to prohibitive estimated mor-
tality and permanent morbidity. Hybrid repair of 
aortic arch aneurysm has been developed by our 
group and others to address this high-risk patient 
cohort without the use of circulatory arrest and 
often cardiopulmonary bypass which can be 
poorly tolerated  [  8–  11  ] .  

   Rational for Hybrid Approach 

 It is clear from the previous discussion that tradi-
tional open repair of aortic arch aneurysms is pos-
sible but comes at a signi fi cant cost to the patient 
 [  12–  17  ] . This cost is not only dependent on the 
magnitude of the incision and dissection needed 
for open repair but heavily in fl uenced by the need 
for cardiopulmonary bypass, cardiac arrest, and 
profound hypothermia with circulatory arrest. 
Hybrid procedures were developed to help mini-
mize or eliminate these whenever possible in hopes 
of decreasing mortality and morbidity and allow-
ing us to extend therapy to a group previously 
believed to have a prohibitive risk using standard 
repair techniques  [  18–  25  ] . The endovascular 

repair of infrarenal abdominal aortic aneurysm 
and descending thoracic aortic aneurysm with 
adequate landing zones has become common-
place and well accepted as an alternative to tradi-
tional open repair in appropriate cases  [  26–  28  ] . 
Thoracic aneurysms that would require coverage 
of the innominate artery or the left common 
carotid artery for proper graft  fi xation are not 
amenable to standard, isolated endovascular tech-
niques. Aortic arch aneurysm can be isolated or 
involve the ascending and/or descending thoracic 
aorta. When isolated or involving the descending 
thoracic aorta, these aneurysms can be repaired by 
extra anatomic bypass of the cerebral vessels and 
the left subclavian when desired and antegrade or 
retrograde endograft deployment without cardio-
pulmonary bypass, cardiac arrest, or circulatory 
arrest, removing many of the technical risks fac-
tors. For arch aneurysm that also involves the 
ascending thoracic aorta, cardiopulmonary bypass 
and cardiac arrest is necessary for ascending aortic 
replacement, but debranching and endograft repair 
will eliminate the need for profound hypothermia 
and circulatory arrest and can shorten the overall 
procedure (Fig.  7.1 ).   

   Technical Issues with Arch Aneurysms 

 Endograft repair of aneurysms requires anatom-
ically appropriate necks or landing zones for the 
proper  fi xation and sealing of the aneurysm at 
its proximal and distal extent. It also requires 
that critically important arteries not be covered 
unless revascularized by some method as well 
as access to deliver the graft for deployment. 
Aortic arch aneurysms can provide challenges 
in each of these areas. The thoracic aorta has 
been divided into four zones. Zone 0 includes 
the ascending aorta to just beyond the takeoff of 
the innominate artery. Zone 1 begins at the end 
of zone 0 and extends to just beyond the takeoff 
of the left carotid artery. Zone 2 begins at the 
end of zone 1 and extends to just beyond the 
takeoff of the left subclavian artery. Zone 3 rep-
resents the proximal descending thoracic aorta 
from just beyond the left subclavian to the mid-
descending thoracic aorta, and  fi nally, zone 4 
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comprises the rest of the descending thoracic 
aorta (Fig.  7.2 ). Endograft coverage of zones 0 
or 1 will of necessity cover vital cerebral blood 
 fl ow from the innominate and/or left carotid 
arteries and cannot be done without establishing 
an extra anatomic route of blood  fl ow that will 
not be covered. Endografts that cover zone 2 
will cover the left subclavian artery. Although 
the left subclavian artery can be covered without 
untoward effect in some patients, there is a 
growing belief that revascularization of the left 
subclavian in these circumstances may improve 
outcomes  [  29  ] . Even when appropriately revas-
cularized, landing an endograft in the aortic arch 
may pose a technical challenge due to the curva-
ture of the arch and potential “bird beaking” of 
the graft  [  30  ] . Each of the techniques used to 
allow endograft coverage of the aortic arch is in 
effect extending the proximal “branchless” sec-
tion of the descending thoracic aorta to allow an 
appropriate proximal landing zone. The  fi nal 
technical consideration is delivering the stent 
graft to the site of deployment. This can be done 
in an antegrade or a retrograde fashion. In some 
tall patients, the current endograft delivery 

  Fig. 7.1    ( a ) Arch vessels debranching using 14-mm 
in fl ow conduit from ascending aorta followed by 10-mm 
bypass graft to the innominate, left common carotid, and 
left subclavian arteries; ( b ) Arch vessels debranching 
using 10-mm Dacron graft with retrograde in fl ow through 
10-mm graft. Endograft was delivered using 14-mm 

conduit; ( c ) Arch vessels showing a 10-mm lib being 
sutured to a 14-mm trunk. The 10-mm limb is tunneled 
superiorly to revascularize the supra-aortic trunks, whereas 
the 14-mm trunk is used as the conduit for antegrade 
stent-graft placement. The 14-mm stump is oversewn after 
completion of the stent-graft deployment  [  9,   10  ]        

  Fig. 7.2    Ishimaru arch map according to the different 
landing zones       
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systems may not be long enough to land in the 
ascending aorta from a retrograde approach and 
must be considered during the planning phase.   

   Techniques Used 

 Available approaches depend if the ascending 
aorta is aneurysmal and must be replaced and if 
the innominate artery must be covered. These 
techniques have also been applied to various pre-
sentations of aortic dissections. The following is 
our management strategy at the MDHVC as it 
applies to the anatomy of the patient:  

   Ascending Aortic Involvement 

 Evaluation of the quality of the ascending aorta is 
critical. Is it calci fi ed? Is it aneurismal? Is there 
luminal thrombus? If the ascending aorta is 
involved and must be replaced, we use a standard 
median sternotomy or (mini-sternotomy) for sur-
gical access. Cardiopulmonary bypass with car-
dioplegic cardiac arrest and standard distal 
ascending aortic cross-clamp technique is used 
for ascending aortic replacement. The arch aneu-
rysm is left in place thus avoiding the need for 
profound hypothermia and circulatory arrest. A 
12-mm graft is attached to the proximal ascend-
ing graft, and from this 12-mm graft, separate 
side arms are constructed and attached end to end 
to the innominate artery, the left carotid artery, 
and the left subclavian artery. This allows the 
proximal stent graft to land in the distal ascend-
ing graft to provide a safe seal of the proximal 
component of the repair (Fig.  7.3a ).   

   Ascending Aorta Not Involved but 
Innominate Artery Involved 

 When the ascending aorta does not need to be 
replaced, the entire procedure can be done with-
out stopping the heart at any point. Surgical 
access may be via a standard median sternotomy, 
or mini-sternotomy or via mini right anterior tho-
racotomy and cervical incisions  [  43  ] . Median 

sternotomy allows attachment of a 12-mm graft 
to the proximal ascending aorta using a side-bit-
ing clamp. Care must be taken to lower the sys-
temic blood pressure prior to applying the 
side-biting clamp to avoid dissection or prema-
ture clamp release. Care must also be taken to 
attach this graft far enough proximally to allow 
an adequate landing zone in the ascending aorta. 
Because this graft is used for antegrade stent-
graft deployment, we bolster the anastomosis 
with a pledgeted suture at the toe and at the heel 
of the ascending aortic attachment to prevent 
disruption. 

 Sidearm grafts are individually constructed 
and attached to the innominate, left carotid, and 
left subclavian arteries. Technically, it is easiest 
to attach a graft end to end to the left subclavian 
prior to constructing the end-to-end anastomo-
ses to the innominate and left carotid arteries 
since these will obscure the left subclavian. 
After the innominate and left carotid grafts are 
complete, it is an easy matter to attach the left 
subclavian graft previously sewn to the left sub-
clavian in an end-to-side manner to the existing 
left carotid graft. Once the arch has been com-
pletely reconstructed in this extra anatomic 
fashion, the stent graft is deployed in an ante-
grade fashion through the 12-mm graft attached 
to the ascending aorta. The distal extent of the 
stent graft is dependent on the distal extent of 
the aneurysm and achieving an adequate distal 
landing zone. We have used this approach to 
debranch the entire aortic arch and the celiac 
and superior mesenteric arteries, allowing a dis-
tal graft landing at just above the renal arteries 
(Figs.  7.3b  and  7.4 ).   

   Innominate Not Involved 

 If the endograft has a proximal landing zone that 
must cover the left carotid and left subclavian arter-
ies, then cervical incisions only for right carotid to 
left carotid bypass as well as left carotid-subclavian 
bypass can be carried out with retrograde endograft 
deployment. We routinely use transcranial Doppler 
and cerebral oximetry to monitor cerebral blood 
 fl ow during these procedures.  
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   Minimally Invasive Hybrid Arch Repair 

 The alternative to a median sternotomy is a small 
anterior right thoracotomy and cervical incisions 
 [  31–  34  ] . Our group has used a small right ante-
rior thoracotomy as access for aortic valve 
replacement and  fi nd it provides good access to 
the ascending aorta  [  35  ] . A small incision at the 
lower sternocleidomastoid muscle on each side 
allows access for the right and left common 
carotid arteries. A small left supraclavicular inci-
sion allows exposure of the left subclavian artery. 

A 10-mm Dacron graft is presewn onto a 12-mm 
graft on the back table and tailored to  fi t the prox-
imal ascending aorta. The 12-mm graft is attached 
to the proximal ascending aorta as described in 
the previous section. It is important that the graft 
attached to the aorta is angled toward the patient’s 
feet. When the 24-Fr sheath used to deliver the 
stent graft is inserted into the aorta, it straightens 
the graft and applies stress to the toe of the 
anastomosis. 

 At the completion of this anastomosis, clamps 
are placed on the 12-mm and the 10-mm grafts, 

  Fig. 7.3    ( a ) Extra-anatomic debranching of aortic arch 
vessels with replacement of ascending aorta and antegrade 
TEVAR via Dacron side branch. ( b ) Endograft repair of 

descending thoracic aortic aneurysm with occlusion of 
left subclavian artery requiring left common carotid-sub-
clavian bypass       
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and the side-biting clamp is removed. Pledgeted 
sutures are again placed at the toe and heal of the 
ascending attachment and the anastomosis care-
fully inspected for any bleeding. At this point, the 
10-mm graft is within the chest and next to the 
ascending aorta and would not be an easy anasto-
mosis if not already done. The 10-mm graft must 
then be passed through the sternal outlet into the 
right cervical incision for anastomosis to the right 
common carotid artery. Great care must be exer-
cised at this point to exit the sternum in the mid-
line and against the posterior table of the sternum 
to avoid injury to the innominate vein. An 8-mm 
graft is then attached to this 10-mm graft and 
passed in a retro pharengeal path and attached to 
the left common carotid artery. A standard left 
carotid-subclavian bypass completes the arch 
debranching. The proximal left carotid is ligated 
to prevent a type II endoleak. The left subclavian 
is closed proximally with a coil or plug via the 
left arm to prevent endoleak while preserving the 
vertebral artery. Antegrade deployment of the 
stent graft can then be carried out via the original 
12-mm graft attached to the ascending aorta. We 
prefer to do all our aortic arch hybrid cases as a 
single stage using antegrade deployment when-
ever possible, in contrast to visceral debranching 

and stent grafting for thoracoabdominal aortic 
aneurysm which we often prefer to do as a staged 
procedure with retrograde deployment  [  36  ]  
(Fig.  7.5 ).   

   Results 

 Hybrid arch procedures provide a safe and viable 
alternative to open traditional surgical repair. In 
general, hybrid approaches have a lower mortal-
ity and morbidity for high-risk older patients. 
Recently, such approaches have extended hybrid 
repair indications for complex arch pathology 
once thought to be prohibitively high risk for 
open arch surgical repair. 

 At the MDHVC, hybrid TAAA and arch 
repairs have become the preferred approach for 
patients that are poor condidates for surgery with 
open procedures performed only in younger 
good risk patients and if hybrid approaches are 
not possible for technical reasons. We reviewed 
our experience with hybrid aortic repair in 
patients who were denied open surgery due to 
preoperative comorbidities and low physiologic 
reserve. Fifty- fi ve percent of cases were symp-
tomatic on presentation and 83 % were done 

  Fig. 7.4    Completion angiography after stent grafting in a patient that underwent arch and abdominal debranching 
shows the patency of bypass grafts and the exclusion on the aneurysm  [  9  ]        
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emergently. Seventy-six percent underwent deb-
ranching of the aortic arch, 17 % of the visceral 
vessels, and 7 % required both. Primary techni-
cal success was achieved in all cases, and of 
these, 43 % were staged. The 30-day mortality 
was 5 %. Myocardial infarction developed in 
6 % and respiratory failure in 33 % (Table  7.1 ). 
These hybrid approaches, while initially per-
formed mostly for very sick or emergent cases, 
proved the technical feasibility given the medi-

cal and anatomical complexity of these patients 
with encouraging results  [  8–  11  ] .  

 Milewski and coworkers compared a hybrid 
arch repair cohort with an open aortic arch repair 
cohort and found a trend for lower incidence of 
neurologic de fi cit of 4 % compared to 9 % per 
group, while the short-term/in-hospital mortality 
rate was 11 and 16 %, respectively. The only sta-
tistically signi fi cant difference was the mortality 
rate between age groups and not among surgical 

LCCA LSA
DPGRCCA LCCA

DPG

a

c

b

An Ae
RCCA
DPG

R anterior minithoracotomy

  Fig. 7.5    ( a ) Schematic drawing showing the procedure. 
Via a 5-cm incision at the 3rd intercostal space to access 
the ascending arch, a 12–10-mm bifurcated hemashield 
Dacron graft is created. A partial occluding clamp is used 
on the ascending aorta to attach the 10-mm arm of the 
bifurcated 10/12-mm graft to the right common carotid or 
innominate artery. Remaining arch vessels are bypassed 
through carotid-carotid and left carotid-subclavian bypass. 

Antegrade stenting of the aortic arch is carried out through 
the RAM via the remaining 12-mm limb. ( b ) Intraoperative 
angiogram showed the ascending aorta to R common 
carotid artery BPG ( black arrow ), RCCA to LCCA BPG 
( white arrow ), and the stent-graft deployment via a 12-mm 
limb ( hollow arrow ) through the anterior minithoraco-
tomy and complete exclusion of the aneurysmal sac. 
( c ) Intraoperative photograph       
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approaches; the older patients (more than 75 years 
old) had a higher mortality rate of 36 %  [  37  ] . 

 In another series reported by Hughes and col-
leagues, 28 patients underwent hybrid arch repair 
with a 30-day/in-hospital rates of death, stroke, 
and permanent paraplegia/paresis at 0, 0, and 
3.6 %, respectively. At a mean follow-up of 14 ± 
11 months, there were no late aortic-related 
events. Two patients (7 %) required secondary 
endovascular reintervention for a type 1 endovas-
cular leak. No patient has a type 1 or 3 endovas-
cular leak at latest follow-up  [  38–  40  ] . Similarly, 
Canaud reported a 6.8 % risk of stroke with an 
actuarial survival of 70 % at a mean follow-up of 
29.9 months  [  41  ] . 

 Regardless of the con fi guration used, hybrid 
approaches to arch repair are achieving similar or 
better short- and long-term outcomes compared 
to the open arch replacement procedures in most 
reported series.  

   Conclusion 

 In the future, branched endografts (Fig.  7.6 ) 
may play a role in the management of aortic 
arch pathology  [  42  ] . The technology for this, 
however, remains in the development phase. 
In the meantime, open aortic arch repair for 
aortic arch aneurysm can be carried out at 

reasonable but not insigni fi cant risk in appro-
priate patients. Hybrid endovascular stent-
graft approach has been developed in an 
attempt to decrease the mortality and mor-
bidity of open arch repair and to allow exten-
sion of lifesaving therapy to high-risk patients 
who may not be reasonable candidates for 
open repair.       
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   Introduction 

 Aortic dissection is an acute emergency requiring 
the interdisciplinary cooperation between vascular 
surgery, interventional radiology, cardiology, and 
cardiothoracic surgery to aggressively treat this 
condition that to this day carries a high mortality 
rate. Aortic dissection (AD) is part of the spectrum 

of acute aortic syndromes which also include 
intramural hematoma, penetrating atherosclerotic 
ulcer, aneurysmal leak, and aortic transection. 

 The reported incidence of AD is about 3.5 
cases per 100 000 population per year  [  1  ] . There 
is an expectedly higher incidence among males in 
their  fi fth and sixth decade of life. 

 The process is characterized by the dissection 
of vessel wall along plane of the media together 
with formation of blood- fi lled channel along the 
aortic wall. Aortic dissection has two main 
causes: hypertension (over 90 % of all cases of 
aortic dissection) and connective tissue diseases 
(5 %—Marfan syndrome being the commonest). 
For reasons not clearly understood, there is also a 
higher incidence of aortic dissection in preg-
nancy. Recently, aortic dissection is an uncom-
mon but recognized consequence of cocaine use 
(most likely due to the drug effect on blood 
 pressure)  [  2  ] .  
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  Abstract    
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   Classi fi cation 

 Dissections almost always originate from tears in 
the intima, although tears may be absent in 5 % 
of cases suggesting an alternative pathogenesis 
such as progression of an intramural hematoma 
or penetrating ulcer. Of all aortic dissections, 
90 % are within 10 cm of the aortic valve. The 
second commonest location is the descending 
thoracic aorta, distal to the left subclavian artery. 
The Stanford classi fi cation is the most widely 
used classi fi cation system. Dissections proximal 
to the left subclavian artery are type A. Dissections 
distal to the left subclavian artery are type B. The 
DeBakey classi fi cation has three types. Type I 
originates in the ascending aorta and propagates 
to the aortic arch or beyond. A DeBakey type II 
dissection originates and is con fi ned to the 
ascending aorta. A type III dissection originates 
in the descending thoracic aorta and extends dis-
tally (rarely extending proximally). A DeBakey 
type III dissection is equivalent to a Stanford type 
B (Fig.  8.1 ). More recently, the DeBakey type III 
classi fi cation has been subdivided into IIIa and 
IIIb with the abdominal aorta affected in the 
latter.  

 Dissections can further be classi fi ed acute or 
chronic if their presentation is before or after 2 
weeks of onset of symptoms.  

   Pathogenesis 

 The entry tear may be longitudinal, oblique, or 
spiral but is typically 4–5 cm long. The  fl ow of 
blood splits a cleavage plane in the media and 
propagates along the medial planes usually 
between the outer and middle third. 

 The dissection itself usually involves half to 
two-thirds of the circumference of the aorta and 
may extend either antegradely or retrogradely. 
Retrograde dissection along the aortic root risks 
coronary ischemia (the right coronary artery 
being commonly affected), pericardial effusion, 
or tamponade. The dissection may involve the 
origin of the great vessels leading to upper limb 
ischemia or stroke. Acute aortic valve incompe-
tence is a recognized complication of retrograde 
dissection. These features give this grave condi-
tion a mortality rate of 1 % per hour if left 
untreated  [  3  ] . Standard treatment of dissections 
of the aortic root and valve can include transac-
tion of affected aortic segment and repair. Aortic 
root repair with or without replacement of the 
aortic valve and total arch replacement are also 
used (Fig.  8.2 ). The management of type A aortic 
dissection is beyond the scope of this text and is 
not discussed further.  

 Antegrade propagation of dissection may 
involve branches of the aorta with loss of 

Stanford classification
Type A

Type I Type II

DeBakey classification

Type III

Type B

  Fig. 8.1    DeBakey and Stanford 
classi fi cations. Stanford  type A  
encompasses both DeBakey 
types I and II. Stanford  type B  is 
equivalent to a DeBakey III 
aortic dissection (Illustration by 
Anne-Sophie Sillesen)       

 



1138 Aortic Dissection

intercostals and lumbar vessels risking paraple-
gia. The involvement of mesenteric or renal 
branches risks the possibility of gut or renal isch-
emia. Occasionally, the dissection propagates to 
the iliac arteries and occasionally to the lower 
limbs, threatening the viability of the legs. 

 Rupture of the restraining adventitia often 
leads to fatal hemorrhage and, if occurring within 
the pericardium, causes tamponade and, within 
the chest, a hemothorax. In long dissections, the 
hemorrhage may re-rupture back into the aortic 
lumen (reentry tear) to produce a false lumen. 
The reentry tears are usually multiple and at dif-
ferent levels. 

 Marfan syndrome, an autosomal dominant 
disease, has a strong association with aortic dis-
section. It is thought that genetic defects in 
 fi brillin (a connective tissue protein involved with 

elastic tissue formation) cause cardiovascular, 
skeletal, and ocular manifestations all attribut-
able to  fi brillin mutations.  

   Clinical Features 

 The classical presentation of aortic dissection is 
one of “tearing” interscapular pain or anterior 
chest pain radiating to the back, the neck, the 
upper limbs, or the abdomen. Collapse is com-
mon. The patient may be hypertensive or hypoten-
sive secondary to coronary complications or 
hemorrhage. 

 A differential of 20 mmHg between upper 
limb blood pressure measurements raises the 
possibility of aortic dissection. Cardiac ausculta-
tion may demonstrate the presence of a diastolic 
murmur suggestive of aortic regurgitation associ-
ated with valvular involvement in the dissection.  

   Radiographic Changes 

   Plain X-Ray 

 This is often performed in the emergency depart-
ments for patients presenting with chest pain and 
may show a widened mediastinum. The presence 
of a pericardial or pleural effusion may inform of 
the possibility of rupture into these cavities. 
Changes consistent with cardiac failure may be 
present in association of acute aortic incompe-
tence. The separation of intimal calcium (where 
present) from the outer aortic wall is suggestive 
of dissection. Other radiographic associations 
included obliteration of the aortic knuckle, tra-
cheal deviation, or depression of the left main 
stem bronchus. Overall, the chest X-ray is of little 
bene fi t in the diagnosis of aortic dissection.  

   Aortography 

 Once considered, the “gold standard” in the diag-
nosis of aortic dissection has all the complications 

  Fig. 8.2    Open repair in type A aortic dissection.  Top left , 
transection of primary entry tear and end-to-end aortic 
anastomosis.  Top right , aortic root replacement.  Bottom 
left , aortic root and valve replacement, and  bottom right , 
total arch replacement (Illustration by Anne-Sophie 
Sillesen)       
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of arteriography and has largely been superseded 
by noninvasive imaging modalities. Findings can 
be divided into direct and indirect. Direct  fi ndings 
identify the anatomy of the dissection and include 
visualization of the intimal  fl ap or of two lumens 
in the aorta. Indirect  fi ndings include true lumen 
compression, aortic valve incompetence, aortic 
wall thickening, or abnormalities with aortic 
branches. Aortography in addition has a low 
speci fi city (a high false-negative rate) and cannot 
visualize the aortic wall as such cannot give accu-
rate information on arterial size, the presence of 
intramural hematoma, or other intramural or 
extravascular complications. Occasionally, one 
lumen will opacify or both lumens will opacify 
equally preventing the diagnosis being made, one 
of the causes of the high false-negative rate. 
Although aortography has fallen out of favor as a 
diagnostic modality in aortic dissection, its thera-
peutic use is expanding rapidly in the endovascu-
lar era (Fig.  8.3 ).   

   Computed Tomography 

 The use of CT as an imaging modality in aortic 
dissection has grown exponentially over the last 
two decades. The introduction of multidetector 
CT improved the speed of acquisition, coverage 
area, and resolution of the images. Other bene fi ts 
include a reduction of the intravenous contrast 

needed for aortic scanning and reduction of 
motion artifact. New multidetector CT scanners 
can now image the thoracoabdominal aorta and 
iliofemoral vessels in a matter of seconds, mak-
ing this the ideal imaging modality for potentially 
unstable patients. CT has both a sensitivity and 
speci fi city of 96–100 % (Fig.  8.4 ).  

 Contrast-enhanced CT images can be dis-
played at different slice thicknesses but are typi-
cally displaced at 1–2-mm slices. These images 
can be viewed in a workstation with appropriate 
multiplanar imaging software or can be reformat-
ted using a variety of post-processing algorithms 
such as volume rendering or maximum intensity 
projection. Although these post-processing tech-
niques are time-consuming and have no added 
bene fi ts in making the diagnosis, they are useful 
in planning for vascular and endovascular recon-
struction. CT has additional advantages over aor-
tography as it can allow the identi fi cation of 
alternative diagnoses if aortic dissection has been 
excluded  [  4  ] . 

 The ability of CT scan to produce isotropic 
data, its high speed, and wide availability gives 
CT the advantage over MRI and places CT 
angiography as the  fi rst-line imaging technique 
in acute aortic dissection. 

 The greatest disadvantage of CT is the use of 
ionizing radiation, making it less attractive than 
other imaging modalities for the surveillance of 
chronic aortic dissections. Iodinated contrast 

  Fig. 8.3    A 47-year-old male 
with acute type B aortic 
dissection and hypertension. 
Arch angiography ( left ) 
outlines the dissected lumen 
and the landing zone. 
Completion angiogram ( right ) 
post stent graft deployment 
shows complete exclusion of 
the proximal false lumen and 
restoration of  fl ow in the true 
lumen       
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agents are nephrotoxic and could induce acute 
tubular necrosis in patients with borderline or 
impaired renal function. The iodine-based con-
trast is contraindicated in those with iodine allergy 
and should be used with caution in those patients 
with thyrotoxicosis, even those adequately treated, 
for risk of precipitating a thyroid storm. Artifacts 
may occur at the aortic root due to cardiac motion, 
although this may be limited in some of the new 
CT scanners that employ electrocardiographic 
gating (as in CT coronary angiography).  

   Magnetic Resonance Imaging (MRI) 

 From the early 1990s, MRI with or without 
contrast agent superseded the catheter angiogra-
phy in diagnosis of aortic pathology. However, 
the acquisition time is longer than with CT 
but avoids the antecedent risks of ionizing radia-
tion. Gadolinium-enhanced imaging techniques 
have increased the use of MRI in evaluating the 
thoracoabdominal aorta. The aorta is ideally 
imaged with gadolinium enhancement using 
multiple sequential acquisitions, and this is par-
ticularly useful in dissections with different  fl ow 
rates within the true and false lumina. Images 
acquired at multiple sequential time points after 

administration of gadolinium can identify a pat-
ent false lumen that may not  fi ll immediately as 
opposed to a thrombosed false lumen. With the 
popularity and advantages of CT, MRI is the least 
commonly performed imaging technique for the 
initial diagnosis of aortic dissection, but it has 
great value in the surveillance of chronic aortic 
dissection especially with the younger patient, 
reducing the lifetime exposure to ionizing radia-
tion. There are also the obvious contraindications 
to MR imaging including cardiac pacemakers, 
aneurysm clips, and other ferrous materials. MRI 
is also less well tolerated than CT especially in 
those patients suffering with claustrophobia. 
Recent advances in MR technology, including 
blood pool contrast agents and 4D image acquisi-
tion, will probably renew the interest in this 
modality. Recent research has shown that the use 
of blood pool agents instead of the standard gad-
olinium contrast would enable the diagnosis of 
endoleaks and false lumen  fl ow, which otherwise 
is not seen on CT angiography. Clough et al. 
showed, in a small series of patients, higher 
sensitivity for detecting  fl ow in the false lumen 
when compared with standard CT angiography. 
This could have signi fi cant implication in deci-
sion making and management of chronic dissec-
tion. The same team, as well as others, also 

  Fig. 8.4    Coronal    ( left ) and axial ( right ) images of aortic dissection originating distal to the left subclavian artery. The 
coronal slice demonstrates retrograde extension of the dissection to the distal aortic arch       
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demonstrated the potential MR ability to predict 
sac growth by visualizing entry tear and velocity 
changes in dissected aorta  [  5,   6  ] .  

   Transthoracic Echocardiography 

 TTE is noninvasive, readily available, and with 
some of the newer scanners, portable. It is an 
excellent tool for the identi fi cation and 
quanti fi cation of aortic valve incompetence, but 
its greatest restrictions are its lack of utility in 
visualizing the aorta beyond its root. TTE can be 
helpful in those patients with concurrent coro-
nary ischemia by identifying regional wall motion 
abnormalities.  

   Transesophageal Echocardiography (TEE   ) 

 Visualization of the thoracic aorta with TTE is lim-
ited by the small acoustic windows. TEE was the 
obvious evolution of the transthoracic echocardio-
gram, eliminating restrictions of the acoustic win-
dow and allowing greater visualization of the 
thoracic aorta, but with the disadvantage of being 
more invasive. TEE has all the advantages of TTE 
but can also visualize extravascular complications 
such as acute hematomas at the site of intimal tears. 
A greater length of aorta is visualized, but the dis-
tal ascending aorta and proximal aortic arch is not 
visualized well due to the presence of the trachea 
at the opposite side of the aorta at that point. It is 
not possible to visualize the great vessels or the 
abdominal aorta beyond the midpoint. TEE like 
TTE is operator dependent but unlike TTE requires 
sedation and is not without complications, espe-
cially in patients with esophageal disease.  

   Intravascular Ultrasound 

 IVUS uses a miniaturized ultrasound probe 
attached to the end of an intra-arterial catheter, 
delivering a picture of the endothelium through the 
column of blood. Historically, IVUS’s main role is 
visualization of atherosclerotic plaques; however, 
a few small studies attested to the bene fi ts of using 
this technology in the endovascular management 

of aortic dissection  [  7,   8  ] . The potential advantages 
include identi fi cation of lumens, visualization of 
reentry tears, guidance for percutaneous fenestra-
tion, and aortic diameter measurements. Although 
researchers have shown superiority of IVUS over 
angiography in detecting reentry tear and helps 
catheter-guided fenestration, its exact role remains 
ill de fi ned. Improvements in IVUS technology, 
including color, Doppler capabilities, gradient 
measurement, and 3D imaging, may reinvent inter-
ests in this modality.  

   Positron Emission Tomography 

 Fluorodeoxyglucose (FDG) is an analogue of glu-
cose. The uptake of FDG administered is propor-
tional to the metabolic activity of the tissue. This 
constitutes the basis for PET. PET produces a 
three-dimensional image of functional processes. 
The scanner detects gamma ray pairs emitted 
indirectly by a positron-emitting radionuclide 
tracer, which is introduced into the body on a bio-
logically active molecule (in this case  18 F-FDG). 
Three-dimensional images of tracer concentration 
within the body are then constructed by computer 
analysis. With most modern PET scanners, the 
imaging is often co-registered with CT imaging 
performed on the patient in the same scanner 
(CT-PET). CT-PET has found applications in vas-
cular diseases and in the diagnosis of vasculitis 
and graft infection. It was the hypothesis of Reeps 
et al. that suggested the diagnostic conundrum of 
con fi dently differentiating an acute and chronic 
dissection may be solved. The authors showed 
that the FDG uptake patterns and standardized 
uptake values (SUV) in patients with acute dis-
section were signi fi cantly greater than those in 
patients with chronic aortic dissection. However, 
the use of this modality remains limited.   

   Management of Type B Aortic 
Dissection 

   Initial Management 

 Stanford type A dissection carries a high mortality 
and on suspected or con fi rmed diagnosis, referral 
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should be made to the nearest cardiothoracic unit. 
At present, the management of type A aortic 
dissection remains surgical with endovascular 
techniques not having as important a role. Some 
of the surgical options for the management of type 
A aortic dissection are outlined in Fig.  8.2 . The 
management of type B aortic dissection is initially 
medical with strict control of the blood pressure 
and amelioration of pain by antihypertensives and 
opiate analgesia, respectively. 

 On diagnosis of a type B aortic dissection, 
patients should be managed on intensive care, a 
high dependency unit, or coronary care. After 
placement of a central venous and radial artery 
catheter and urinary catheter, intravenous antihy-
pertensives are administered. The  fi rst-line agent 
in the absence of severe pulmonary airways dis-
ease is    labetalol. Concomitant lower limb periph-
eral arterial disease is no longer seen as a 
contraindication to beta-blockade in this situa-
tion. Continuous blood pressure measurements 
from the arterial line are required, aiming for a 
blood pressure of 120/80 mmHg or less if toler-
ated. Urine output less than 30 ml/h or in associa-
tion with a rising serum creatinine is suggestive 
of renal malperfusion. Similarly, a raised serum 
lactate is suggestive of visceral malperfusion. 

 Aortic dissection represents a spectrum of 
conditions that comprise the acute aortic syn-
drome. Other conditions in this category include 
penetrating atherosclerotic ulcers (PAU) and 
acute intramural hematoma (IMH). Some authors 
also include aneurysm rupture and aortic transac-
tion among the acute aortic syndrome  [  9  ] . 

 PAUs are focal intimal defects at the site of 
atherosclerotic plaques. Patients presenting from 
this group tend to be older than for aortic dissec-
tion and carry a greater cardiorespiratory burden. 
It most commonly affects the descending thoracic 
aorta. Eventually, intimal erosion may lead to 
pulsatile blood entering the media resulting in 
hemorrhage. This condition can progress to IMH 
or onto aortic dissection. 

 IMH is thought to account for 10–30 % of 
cases of acute aortic syndrome. It is a subtle vari-
ation of aortic dissection in that blood collects 
within the aortic media without the presence of an 
intimal  fl ap. The rupture of the nutrient vasa vaso-
rum or hemorrhage is within an atherosclerotic 

plaque. Unlike aortic dissection, the plane of 
cleavage of the vessel wall is closer to the adven-
titia, and this is said to account for the higher rate 
of rupture in IMH compared with aortic dissec-
tion. It may also advance toward the intima and 
progress to aortic dissection. 

 The mechanics between these three entities 
are different, but the management is similar. The 
management of aortic aneurysm leak and aortic 
transaction is not discussed further. Ahmad et al. 
describe a treatment algorithm for acute aortic 
syndromes (Fig.  8.5 ).  

 If the patient is hemodynamically stable and the 
lesion has remained unchanged on imaging 
24–48 h apart, a conservative approach may be 
undertaken with the intention of substituting intra-
venous hypertensive agents to oral agents. The 
patient should be pain free with no evidence of 
end-organ ischemia. In particular, they should not 
have any abdominal pain or tenderness, and their 
lactate should be normal. A stable or declining 
creatinine level with good urine output is an indica-
tion that at least one kidney is well perfused. This 
approach has been used for decades with  aortic dis-
section and more recently been applied to the other 
acute aortic syndromes  [  10,   11  ] . Despite the rela-
tively benign nature of type B aortic dissection, 
there remains a small risk of rupture (4–8 %), and 
this rises to 45–50 % with PAU and IMH. 

 Indications for the early intervention in acute 
type B pathology include the following:

   Aortic pain or blood pressure refractory to 
medical management  

  Increasing aortic wall thickness or increase in 
aortic diameter  

  Evidence of end-organ malperfusion  
  PAU greater than 20 mm in diameter or 10 mm 

in depth  
  Increasing volume or progression of IMH or 

bulging hematoma  
  Contrast seen outside the adventitia or increas-

ing pleural effusion  
  IMH associated with PAU     

   Open Surgery 

 The indications for open surgery for compli-
cated type B aortic dissection have diminished 
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signi fi cantly with the advances in aortic stent 
technology that have revolutionized the treatment 
of this condition. The results of open repair for 
aortic dissection are generally poor and relate to 
the advancing age of affected patients and also by 
the presence of renal or intestinal ischemia which 
are often the drivers for early surgery. Open aor-
tic surgery also carries with it a signi fi cant car-
diorespiratory morbidity in addition to the risk of 
renal failure and paraplegia, especially with sur-
gery of the thoracic aorta. Open surgery still has 
a place with chronic type B dissections with 
aneurysmal degeneration of the infrarenal aorta 
in the younger patient or for those not anatomi-
cally suitable for endovascular aneurysm repair 
(EVAR).  

   Endovascular Intervention 

 The aims of endovascular therapy in aortic dissec-
tion are to cover the primary entry tear with a cov-
ered stent graft. This closure should lead to 
depressurization of the false lumen, re-expansion 
of a compressed true lumen, and control of the 
intimal  fl ap to allow aortic remodeling. Covering 
the primary entry tear will in most instances 
treat the complications of aortic dissection. False 
lumen thrombosis reduces the risk of late rupture, 
and true lumen re-expansion will limit any visceral 
malperfusion in over three quarters of cases. 

 Endovascular stenting for thoracic aortic 
dissection is similar to that for thoracic aortic 
aneurysms except that graft oversizing is limited 

Yes

No

−ve

+ve

Diagnosis of acute chest pain in primary care or emergency department

Clinical assessment: cardiac and non-vascular causes excluded

Patient profiling: consider acute aortic syndrome

Rescan in 24 − 48 h. Evidence of disease progression

Consider other diagnosisCT aorta

Resuscitate, analgesia, BP control; systolic 100 - 120 mmHg
Discuss, transfer imaging and consider transfer to tertiary vascular unit

Medical treatment,
surveillance of or
elective repair

Type A pathology Type B pathology

EVARSurgery

  Fig. 8.5    A diagnostic and 
treatment algorithm for the 
management of acute aortic 
syndromes       
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to or less than 10 % to reduce trauma to the 
 potentially friable proximal aorta. For this rea-
son, balloon dilatation at the end of the procedure 
is not encouraged. 

 The length of aortic coverage is also an impor-
tant area of controversy. A short graft covering 
the entry tear relies on distal aortic remodeling to 
avoid false lumen perfusion in the lower thoracic 
aorta. A longer endograft reduces the likelihood 
of false lumen perfusion but with a higher risk of 
paraplegia as it has been shown that this risk 
increases with length of aorta covered  [  12  ] . 

 Due to the aggressive nature of PAU and IMH, 
there is growing interest in stenting for these con-
ditions, and their localized nature makes them 
ideal for an endoluminal approach. There have 
been a number of studies claiming technical suc-
cess rates between 96 and 100 % with almost no 
reports of serious morbidity. Small studies com-
paring the morbidity and mortality of open versus 
endovascular repair have demonstrated signi fi cant 
reductions in both from endovascular repair  [  13  ] . 

 The limitations of a totally endovascular 
approach to aortic dissection relate to the require-
ments of favorable anatomy, with normal aorta 
extending for at least 15–20 mm proximally to 
secure proximal landing zone. Excessive thrombo-
sis, calci fi cation, and vessel tortuosity also limit 
the application of this technology. Involvement of 
the great vessel segment may require arch hybrid 
open and endovascular procedures to reconstruct 
the aortic arch and create the needed landing zone. 

 Fenestrated and branched stent grafts have 
limited role in AD due to frequent severe com-
pression of the true lumen and variable side ves-
sel origin from true lumen  [  14  ] .  

   Technique 

 The access is obtained in the groin through 
cutdown in the common femoral artery or conduit 
to the external/common iliac artery if the vessel 
diameter is less than 7 mm, as all thoracic stent 
grafts have relatively large pro fi le of 22–26F. 
Selecting the true lumen is mandatory in order to 
push the super stiff wire into the normal segment of 
the aortic arch, over which the stent graft is intro-
duced. Once the stent graft is positioned in the 

deployment segment, the blood pressure is lowered 
to 75–80 mmHg to avoid the windsock effect dur-
ing stent deployment. Following graft deployment, 
the operator should check the effect on the distal 
true lumen and the status of aortic side branches. In 
the authors’ experience, extending the stented seg-
ment into the diaphragmatic level can serve several 
purposes including better expansion of the true 
lumen, more chances of thrombosing the false 
lumen and thereby prompts aortic wall healing, 
and prevention of future aneurysmal dilatation.  

   Type B Aortic Dissection 
and Mechanisms of Malperfusion 

 Patients with complicated type B aortic dissec-
tion, malperfusion, impending rupture, intracta-
ble pain, and uncontrolled hypertension represent 
a high-risk group when compared with uncom-
plicated type B AD. The hospital mortality in this 
group of patients is greater than 50 %. The pre-
dictors of poor outcome are age over 70 years, 
hypotension, absence of chest/back pain, and vis-
ceral malperfusion as reported by the International 
Registry of Aortic Dissection (IRAD)  [  15  ] . It is 
generally agreed that intervention is indicated in 
complicated type B AD, as medical treatment 
alone can be associated with high mortality and 
morbidity  [  16  ] . 

 There are three mechanisms of visceral and/or 
lower limb malperfusion in the setting of type B 
dissection  [  17  ]  (Fig.  8.6 ). The  fi rst mechanism is 
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  Fig. 8.6    Mechanisms of malperfusion in aortic dissec-
tion (Illustration by Anne-Sophie Sillesen)       
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static occlusion of the side branch. The dissection 
 fl ap extends into the side branch or iliac artery, 
causing severe stenosis (Fig.  8.7 ). The second 
mechanism is dynamic occlusion. In this type, 
the intimo-medial  fl ap pushed intermittently 
throughout the cardiac cycle against the mouth of 
the branch vessel as a result of high pressure in 

the false lumen (Figs.  8.8  and  8.9 ). The most nar-
rowed area could be at or above the vessel level. 
The third mechanism is combination of static and 
dynamic occlusion (Figs.  8.10  and  8.11 ). Dynamic 
compression of visceral arteries can result in the 
 fl oating viscera sign. With the catheter placed in 
the true lumen in aortography, opaci fi cation of 

a

d

b

c

  Fig. 8.7    A 68-year-old male with acute type B TAD and 
acute renal insuf fi ciency, ( a ) CT angiogram shows the dis-
section  fl ap extending into the right renal artery causing 
severe stenosis (static mechanism), ( b ) angiogram shows 

faint  fl ow to the right renal artery despite thoracic stent 
graft deployment, ( c ) angiogram shows restored  fl ow fol-
lowing renal artery stenting, and ( d ) completion CT       
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  Fig. 8.8    A 56-year-old male with acute type B AD and elevated lactate. Oblique sagittal and axial CT angiogram 
con fi rms dissection and severe compression of the visceral arteries (dynamic compromise)       

  Fig. 8.9    Post stent graft deployment, note the expansion of the true lumen and improve  fl ow to compromised SMA       
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aortic branches occurs with little or no antegrade 
opaci fi cation of the aortic true lumen. The sign 
occurs as a result of the dissection  fl ap sparing 

origin of aortic branches but expanding false 
lumen compressing the aortic true lumen proxi-
mal to the visceral arteries (Fig.  8.12 ).        

  Fig. 8.10    A 60-year-old male with acute type B AD and 
lower limb ischemia. Sagittal and coronal images on CT 
angiography showing severe compression of the true 

lumen, combined static, and dynamic compression of the 
celiac trunk and SMA as well as complete occlusion of the 
infrarenal aorta       

  Fig. 8.11    CT angiogram post thoracic stent grafting ( left ) and bare stent deployment in the infrarenal aorta ( right ) 
showing complete expansion of the true lumen and revascularization of both lower limbs       
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 It is important to understand the mechanism of 
malperfusion prior to intervention to tailor the 
management strategy accordingly. 

 The open surgery treatment of complicated 
type B dissection includes resection of the pri-
mary entry tear, bypass grafting of the compro-
mised visceral or iliac artery, and open fenestration 
of the dissected  fl ap. However, open approach is 
associated with signi fi cant morbidity and mortal-
ity with in-hospital death as high as 40 %  [  18  ] . 

 The emerging endovascular techniques can 
provide effective treatment with better outcome 
for complicated type B AD. Historically, fenestra-
tion is considered the best adjuvant to open surgery 
or a bridge to open repair after stabilizing the 
patient. The principle of this treatment is equaliz-
ing pressure between the true and false lumen by 
creating a fenestration at the compromised level, 
followed by stenting the true lumen. Stenting of 

the renal or superior mesenteric artery is contem-
plated in cases of static compromise. The early and 
late outcome of this technique has been outlined in 
a largest single-center experience of 69 patients by 
Patel and colleagues  [  19  ] . The technical success 
rate of around 95 % has been achieved. The early 
mortality and morbidity are 17.4 and 22 %, respec-
tively. The all-cause late mortality is reported at 
36.2 %. However, the mean time to aortic ruptures 
or need for repair is 79.2 months. Nevertheless, 
beside percutaneous fenestration being technically 
demanding, it does not offer aortic remodeling and 
protection since the false lumen remains perfused. 

 As the experience with the stent graft is evolv-
ing, the need for percutaneous fenestration is 
diminishing. The stent graft covers the primary 
entry tear, reduces pressure and promotes throm-
bosis of the false lumen, and encourages aortic 
remodeling. Once the entry tear is covered by the 

  Fig. 8.12    A 70-year-old hypertensive male with acute 
type B AD and bowel ischemia. Angiogram shows  fl oating 
viscera sign ( left ). Anterior-posterior ( middle ) and lateral 

angiogram ( right ) post uncovered stent across the vessel 
arteries con fi rm improved  fl ow to the celiac trunk and 
SMA       
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stent graft, the pressure in the false lumen 
decreases, the  fl ap is pushed away from the side 
branch, and the  fl ow pressure in the true lumen 
improves. On the other hand, the pure static type 
of malperfusion is not expected to resolve with 
stent graft alone. In those cases, additional side 
branch stenting with covered or uncovered bal-
loon-expandable stent and/or bare stent in the 
infra-/suprarenal abdominal aorta (PETTICOAT 
– provisional extension to induce complete 
attachment) is still needed (Fig.  8.13 )  [  20  ] .  

 In the authors’ experience, the overwhelming 
majority of cases of aortic dissection complicated 
by malperfusion can be resolved by aortic stent-
ing with or without additional bare stenting to 
aortic side branches. 

 Although there is lack of sizable randomized 
controlled trials, there is growing body of evi-
dence in the literature supporting the use of stent 
graft as the  fi rst-line management in complicated 
type B AD. Reported results from IRAD showed 

lower mortality rates following TEVAR than 
open surgery of 9.3 and 33.9 %, respectively  [  21  ] . 
Another large single-center series of 77 patients 
also showed low mortality rate following TEVAR 
of 4 % versus high mortality of 40 and 33 % fol-
lowing surgery and medical therapy  [  22  ] . Despite 
the overall good results of stent graft in compli-
cated cases, the morbidity rate remains signi fi cant. 
Neurological injuries (stroke and paraplegia), 
stent-related complications, and failure to achieve 
false lumen thrombosis with subsequent need for 
long-term imaging follow-up represent hindrance 
to wider use of this technology.   

   Outcome for Treatment 
of Complicated Acute Aortic Dissection 

 Data from the International Registry of Acute 
Aortic Dissection (IRAD)  [  23  ]  would suggest a 
satisfactory outcome for the medical management 

  Fig. 8.13    A 61-year-old male with acute type B AD and 
visceral ischemia.  Left : Oblique sagittal CT angiogram 
shows the dissection  fl ap, severe compression of the true 
lumen, and partial thrombosis of the false lumen at the 

level of the visceral arteries.  Right : Post stenting of the 
entire thoracic and proximal abdominal aorta 
(PETTICOAT) with restoration of  fl ow to the celiac and 
superior mesenteric arteries       
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of acute type B aortic dissection (although the 
authors would argue, this should be in a tertiary 
unit capable of dealing with complications 
promptly). Other experienced units have found 
similar  fi ndings  [  24  ] . Needless to say, such man-
agement in the acute setting should be in the con-
text of invasive monitoring in a high dependency 
or intensive care unit. The aims of pharmacologi-
cal treatment are to reduce the incidence of 
adverse events associated with AD, in particular 
aortic expansion, proximal or distal extension of 
the dissection, or aortic rupture. The patient also 
needs to be closely monitored for the develop-
ment of end-organ or lower limb ischemia that 
may prompt more aggressive management. 

   Early Results 

 In patients with uncomplicated type B AD, IRAD 
indicated a 30-day, 1-year, and 3-year survival of 
91, 89, and 77 %, respectively  [  25  ] . Until the 
advent of aortic stenting in the early 1990s, open 
repair was the mainstay of treatment for compli-
cated aortic dissection with notoriously high 
morbidity and mortality rates. Two landmark 
publications in 1999 sparked worldwide interest 
in the endovascular management of acute com-
plicated type B aortic dissection  [  10,   13  ] . 
Nienaber et al. compared the results of endovas-
cular stenting in 12 consecutive patients with 
complicated type B aortic dissection with 12 
patients undergoing surgery. No morbidity or 
mortality was encountered in the endovascular 
group compared with four deaths and  fi ve adverse 
events within the 12-month period following 
treatment. Successful placement of the stent graft 
was con fi rmed by intraoperative transesophageal 
ultrasound which con fi rmed sealing of the pri-
mary entry tear. Completion angiography dem-
onstrated the same  fi ndings. False lumen 
thrombosis was con fi rmed by magnetic reso-
nance imaging in all 12 patients in the endovas-
cular group after a mean of 3 months  [  13  ] . 

 In Hagen’s report from 2000, evaluating 464 
patients with both type A ( n  = 289) and type B 
( n  = 175) AD, mortality rates ranged from 58 % 
for the patients with type A aortic dissection 

treated medically compared with a mortality rate 
of 26 % of patients with type A dissection treated 
surgically. Conversely, the mortality rate for 
patients with type B aortic dissection treated sur-
gically was higher than that for the medically 
managed patients (31.4 % vs. 10.7 %). Aortic 
rupture and cardiac complications were respon-
sible for the majority of patients with type A dis-
section with visceral ischemia being responsible 
for the majority of deaths in patients with type B 
dissection. Of the patients with type B AD, 20 % 
underwent surgical therapy, and 4.3 % underwent 
endovascular management (percutaneous fenes-
tration to depressurize the false lumen with or 
without aortic stenting). It is the management of 
visceral ischemia or the unusual complication of 
acute aortic dilatation that results in the early 
intervention for acute type B aortic dissection 
 [  23  ] , the success of endovascular techniques 
especially within the thoracic aorta has resulted 
in endovascular techniques superseding open 
repair for the management for complications of 
acute type B AD.  

   Midterm Results 

 Dake et al. evaluated stent placement across the 
primary entry tear in 15 patients with type B 
(con fi ned to the descending thoracic aorta) and 4 
patients with type A aortic dissection. Aortic 
branches were involved in three quarters of 
patients, and symptomatic compromise of multi-
ple branches was observed in over a third of 
patients. Technical success was achieved in all 
patients. Stenting resulted in complete thrombo-
sis in 15 patients and partial thrombosis in the 
remaining four cases. Three of 19 patients died in 
the  fi rst 30 days; however, there were no deaths, 
aneurysmal dilation, or aortic rupture in the 
remaining 16 patients in the 13-month follow-up 
period  [  10  ] . 

 Ehrlich et al. published the midterm results 
from a European unit, their indications for inter-
vention included aortic rupture, malperfusion, 
intractable pain, and visceral malperfusion. All 
patients were treated by endovascular means. 
Technical success (the stent graft covering the 
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primary entry tear) was accomplished in 87 %. 
The left subclavian artery was intentionally 
totally or partially covered in over a quarter of 
patients with no evidence of immediate post-pro-
cedural ischemic symptoms or subclavian steal, 
necessitating reintervention. Further intra-proce-
dural stenting was required in one of  fi ve patients 
being treated including stenting of the renal, 
celiac, or mesenteric arteries. Patients were fol-
lowed up for an average of 2 years with no 
endoleaks in the series. Survival at 1 and 5 years 
was 81 and 76 %, respectively. Freedom from 
treatment failure (requiring reintervention, aortic 
rupture, aortic-related death, or unexplained late 
death) was 78 and 61 %, respectively  [  26  ]   

   Long-Term Results 

 IRAD evaluated long-term survival of 242 
patients from 21 units worldwide successfully 
treated for complicated type B aortic dissection 
over an 8-year period with a median follow-up 
time of 2.3 years. Only centers with over 80 % 
follow-up were included in the analysis. The in-
hospital mortality rate was 12.3 %, and these 
patients were excluded from the outcome data. 
The mean age of the patient was 62.1, and 69 % 
of the patients were male. Patients receiving sur-
gery or endovascular treatment were more likely 
to have complications in particular mesenteric 
ischemia, extension of the aortic dissection, and 
acute limb ischemia, compared with the medi-
cally treated group (this may however re fl ect the 
localized pattern of dissection with the medically 
managed group). Refractory pain and hyperten-
sion was the indication for intervention in over a 
quarter of cases. Limb and visceral ischemia was 
indications in 28 and 30 %, respectively. 
Predictors of mortality in those patients surviving 
their intervention for complicated AD included 
age over 70 years, patients with atherosclerosis 
(as opposed to patients with connective tissue 
disorders), prior aortic aneurysm repair, and in-
hospital hypotension or shock  [  25  ] . Age-adjusted 
female gender was recognized as an independent 
predictor of death in this study. Absence of false 
lumen thrombosis was recognized as a signi fi cant 

predictor of aortic dilatation and aneurysmal 
expansion. False lumen enlargement by an aver-
age of 3.3 mm/year has been observed in uncom-
plicated, untreated AD associated with a patent 
false lumen  [  27  ] .  

   Treatment of Uncomplicated Type B 
Aortic Dissection 

 The relative simplicity of thoracic aortic stenting 
and the need to avoid early and late complica-
tions of AD suggest that intervention may be 
bene fi cial in those patients with uncomplicated 
type B AD. The INSTEAD trial (Investigation of 
Stent Grafts in Aortic Dissection) was designed 
to test the hypothesis that endovascular treatment 
was bene fi cial compared to medical management 
alone in uncomplicated AD. This study was sup-
ported by industry (Medtronic Bakken Research 
Institute), and all patients were treated with the 
company’s proprietary aortic stent (TALENT, 
Medtronic Inc., Santa Rosa, California, USA). 
Patients were selected on the basis to success-
fully treat the AD with this stent. Patients were 
excluded from randomization if they had any 
indications for emergent treatment of their AD or 
if anatomic exclusions for endovascular treat-
ment existed (including 75–100 % false lumen 
thrombosis). Patients were enrolled after 14 days 
to identify complicated cases including acute 
aortic dilation and spontaneous false lumen 
thrombosis. Of 597 patients, 140 were enrolled to 
the study with 72 having stenting. Patient demo-
graphics and dissection morphology were evenly 
distributed, and the time from dissection to ran-
domization was not signi fi cant between the two 
groups. Time from randomization to stenting was 
a median of 12 days (range 1–29 days), and tho-
racic stenting was successfully completed in all 
but two of the patients. Just under a quarter of 
patients had predetermined occlusion of the left 
subclavian artery without prior or perioperative 
revascularization. Survival probability was 
88.9 % with TEVAR and 95.6 % with medical 
treatment (taking into account vascular injuries 
necessitating repair, secondary intervention, and 
one incidence of stroke). Analysis of fatalities 
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included four patients that violated study  protocol 
(acute malperfusion, renal dysfunction, and lower 
limb ischemia). There were two cases of spinal 
cord ischemia following thoracic stenting and 
one case following medical treatment; however, 
the differences between the two groups for this 
secondary end point were not signi fi cant. False 
lumen thrombosis was promoted by stent graft 
placement, and there was a statistically signi fi cant 
difference compared with best medical therapy 
alone. The authors concluded that the manage-
ment of uncomplicated type B AD is best man-
aged medically, but there is a prerequisite of tight 
surveillance and early intervention for the com-
plications associated with AD. At present, there 
is no data on aneurysmal degeneration between 
the two groups.   

   Conclusion 

 Aortic dissection remains a challenging prob-
lem for vascular specialists. Improvements in 
imaging have led to increased awareness of 
this condition and decreased misdiagnosis. 
Prompt diagnosis and classi fi cation of aortic 
dissection along with better multidisciplinary 
cooperation will improve outcome for indi-
vidual patients. MRI may have been consid-
ered the “gold standard,” but CT is the most 
commonly used modality for initial imaging 
and has high sensitivity and speci fi city for the 
condition and is widely available. Open repair 
in the context of aortic dissection has always 
been fraught with dif fi culties and has been 
superseded by endovascular repair, which for 
lesions in the thoracic aorta have good results. 
The success of endovascular intervention in 
aortic dissection has been expanded for use 
with the other acute aortic syndromes which 
have a more aggressive course than aortic dis-
section again with excellent results. The preva-
lence of this condition is much lower than that 
for aneurysmal disease, and as a result, even 
the largest worldwide multicenter trials have 
relatively small numbers. TEVAR has a de fi nite 
place in the management of complicated type 
B AD; its place in uncomplicated disease is 
less certain. Improvements in fenestrated stent 
graft technology that has expanded the role of 

endovascular treatment in aneurysmal disease 
will no doubt in fl uence management of com-
plicated AD. Needless to say, the management 
of the acute aortic syndromes requires close 
multidisciplinary cooperation and should take 
place in a specialist vascular unit.      
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   Introduction    

 The metamorphosis of abdominal aortic aneurysm 
(AAA) repair and thoracic aortic aneurysm repair 
(TAA) from open surgical to endovascular means 
has evolved substantially over the past two decades. 
Today, endovascular abdominal aneurysm repair 

(EVAR) and thoracic endovascular aortic aneurysm 
repair (TEVAR) are considered as the  fi rst choice of 
therapy for treatment of infrarenal AAA and descend-
ing TAA in patients with favorable morphology. 
Furthermore, in “real-world” clinical scenarios, with 
increasing physician experience and ability, the indi-
cations of EVAR and TEVAR have expanded from 
treatment of elective to emergent aneurysms and 
from favorable morphology to sometimes complex 
and unfavorable anatomy, particularly in high-risk 
patients  [  1–  4  ] . When considering these endovascu-
lar techniques for treating ruptured abdominal and 
thoracic aortic aneurysms, or thoracic aortic transec-
tions, one has to prepare for the challenges of stream-
lining patient care from the emergency room to the 
operating room and subsequent endovascular proce-
dure that often requires a multidisciplinary approach 
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  Abstract 

 Treatment strategies for ruptured aortic aneurysms including traumatic 
thoracic transections have evolved signi fi cantly over the past decade from 
open surgical repair to minimally invasive endovascular repair using stent 
grafts. This change in paradigm requires not just the addition of endovas-
cular skills but a change in infrastructures that enable hospitals to manage 
the complexities of these new endovascular procedures. This chapter will 
focus on endovascular repair of acute thoracic and abdominal aortic emer-
gencies and highlight the importance of establishing standardized infra-
structures that enable health care providers to provide comprehensive and 
up-to-date care for patients with these catastrophic emergencies.  
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and a change in paradigm and local cultures. This 
chapter will focus on a comprehensive and standard-
ized technical approach for treating patients present-
ing with ruptured abdominal and thoracic aortic 
aneurysms and traumatic thoracic aortic transections 
by endovascular means that can maximize our abil-
ity to offer this treatment of most patients and opti-
mize outcomes.  

   EVAR for Ruptured AAA 

 Since the initial reports in mid-1990s  [  5,   6  ] , 
EVAR for ruptured AAA has evolved from being 
performed selectively by a few centers in hemo-
dynamically stable patients to being performed 
by many endovascular specialists in patients with 
varying degrees of hemodynamic instability  [  7  ] . 
As with most procedures, the reason for vast dis-
semination of these techniques and technology is 
due to its many advantages over the standard 
open surgical repair, the most important being its 
association with signi fi cant reduction in morbid-
ity and mortality when compared to open surgical 
repair  [  8–  11  ] . 

 Today, the question is not whether patients 
with ruptured AAA should undergo EVAR, rather 
how to develop systems that allow for broader 
utilization of these complex procedures that have 
shown great bene fi t in high-risk patients with 
aneurysm rupture. There remain several funda-
mental concerns regarding EVAR for ruptured 
AAA that include the availability of preoperative 
imaging (CTA) in all patients with ruptured AAA 
to identify anatomical suitability for EVAR, the 
availability of dedicated staff and equipment to 
perform emergent EVAR at all hours, the feasi-
bility of treating hemodynamically stable and 
unstable patients by EVAR, and the surgeon/
interventionist ability to manage unexpected sce-
narios under emergent circumstances. Although 
one or more of the above-mentioned “limita-
tions” might have some impact on one’s ability to 
incorporate endovascular techniques in manag-
ing patients with ruptured AAA, the fundamen-
tals for success begin from establishing an 
infrastructure of a standardized approach that is 
multidisciplinary and inclusive of the emergency 

room (ER) physicians, the anesthesiologists, the 
operating room (OR) nurses, the technologists, 
and the vascular surgeons. 

 To get started, the surgeon/intervention-
ist should (1) become comfortable performing 
EVAR under elective circumstances; (2) obtain 
an inventory of standard equipment (wires, cath-
eters, sheaths, balloons, particularly the compli-
ant aortic occlusion balloons, and  fl uoroscopic 
equipment) that is needed to perform elective 
EVAR safely; (3) pick and choose the stent grafts 
that one is most comfortable using and acquire 
select stent graft sizes to match the largest aortic 
neck diameter and the shortest aneurysm length, 
with a variety of iliac extensions to treat most 
if not all AAA; (4) become comfortable with 
adjunctive procedures such as iliac interventions 
that might be needed to facilitate access, use of 
compliant aortic occlusion balloon, and place-
ment of Palmaz stents at the aortic neck; and (5) 
only treat hemodynamically stable patients with 
preoperative CT scans. With increasing experi-
ence, one can easily modify their inclusion and 
exclusion criteria for EVAR of ruptured AAA 
that can accommodate even hemodynamically 
unstable patients. 

   EVAR for Ruptured AAA: A Standardized 
Approach 

 Treatment of ruptured AAA patients involves a 
multidisciplinary approach that is inclusive of ER 
staff, anesthesiologists, OR staff, radiology tech-
nologists, and the vascular surgeon/interventionist, 
and therefore requires a standardized approach 
that engages all parties and facilitates a seamless 
transition of the patient from the emergency room 
to the operating room for EVAR. Although the 
standardization of any approach will vary from 
hospital to hospital, the fundamentals are simple in 
that success depends on the early diagnosis of rup-
tured AAA, the ability to have an expeditious CT 
scan to evaluate the aortoiliac morphology, and the 
quick transition of patient from the emergency 
room to the operating room which is equipped to 
perform endovascular as well as open surgical 
repair under these emergent circumstances. 
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 In 2002, at the Vascular Institute for Health and 
Disease in Albany, we developed a standardized 
approach  [  2  ]  that has enabled us to use endovascu-
lar approach as the  fi rst line of therapy for all 
patients that present with ruptured AAA, and this 
has resulted in a signi fi cant improvement on patient 
survival (Fig.  9.1 ). The fundamentals of the proto-
col include a heightened awareness among the ER 
staff to suspect the diagnosis of ruptured AAA and 
notify the on-call vascular surgeon and the OR 
staff. In the emergency room, hemodynamically 
stable patients undergo expeditious CT scan and 
are subsequently transferred to the OR, and hemo-
dynamically unstable patients are directly trans-
ferred to the OR without a preoperative CT scan 

for endovascular- fi rst approach and conversion to 
open surgical repair as needed.   

   Operating Room Setup 

 Since not all patients with ruptured AAA can 
undergo endovascular repair, all OR/hybrid endo-
vascular-OR suits should be set up to facilitate 
endovascular as well as open surgical repair. 
Depending on the size of the room and the 
 fl uoroscopic equipment which can be  fi xed or 
portable with viewing screens and power injec-
tors, one has to customize the layout of the OR 
suite that is conducive for endovascular and open 

ER physician suspects r-AAA

Alerts on-call vascular team
Vascular resident/vascular attending

Operating room

Hemodynamically stable patients

Emergent CTA in ER

Operating room:
Ready for endovascular and open surgical repair
Patient in supine position, prepped and draped

Hemodynamically unstable patient: percutaneou femoral access
Hemodynamically stable patient: general anesthesia and femoral artery cutdown

Aortic occlusion balloon as needed

Aortoiliac morphology
Not amenable to EVAR

Aortoiliac morphology
Amenable to EVAR

EVAR
Aortic occlusion balloon ta supraceliac aorta

Laparotomy for open surgical repair

Hemodynamically unstable patients

  Fig. 9.1    Albany Vascular Group standardized protocol for endovascular aneurysm repair (EVAR) of ruptured abdomi-
nal aortic aneurysms (r-AAA).  BP  blood pressure,  CTA  computed tomographic angiography,  ER  emergency room       
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surgical repair; we have found it best to set up the 
room for endovascular repair with standard nee-
dles, wires, catheters, and sheaths open on a ster-
ile table; have the surgical instruments in the room 
if needed; situate the patient on the OR table; and, 
as the anesthesiology team prepares the patient, 
set up the  fl uoroscopic equipment and supplies.  

   The Fundamental Techniques 

 Adequate resuscitation of patients with ruptured 
AAA is vital to a successful outcome. As long as 
the patients maintain a measurable blood pres-
sure, the techniques of “hypotensive hemostasis” 
by limiting the resuscitation to maintain a detect-
able blood pressure can help minimize ongoing 
hemorrhage. The patient is prepped and draped in 
supine position, and via a femoral artery cutdown, 
ipsilateral access is obtained using a needle, a 
 fl oppy guidewire, and a guiding catheter. The 
 fl oppy guidewire is exchanged for a super-stiff 
wire that can be used to place a large sheath (12–
14 Fr × 45 cm length) in the ipsilateral femoral 
artery, and the sheath is advanced up to the juxta-
renal abdominal aorta, so it is ready to be used to 
deliver and support the aortic occlusion balloon if 
needed. A compliant occlusion balloon should 
always be available in these procedures, and in 
hemodynamically unstable patients, the occlusion 
balloon is advanced through the ipsilateral sheath 
over the super-stiff wire into the supraceliac 
abdominal aorta under  fl uoroscopic guidance, 
and the balloon is in fl ated as needed. In our expe-
rience of over a hundred ruptured EVARs, the 
aortic occlusion balloon is needed in <25 % of 
cases. Access is subsequently obtained from con-
tralateral femoral artery cutdown in similar fash-
ion, and a “marker  fl ush catheter” is advanced to 
the juxtarenal aorta for an arteriogram. 

 The placement of the stent graft main body is 
planned based on the aortoiliac morphology that 
is best suited for EVAR. Unless prohibitive,  in 
hemodynamically  stable patients, following the 
initial arteriogram, the aortic occlusion balloon is 
removed from the initial ipsilateral side, and the 
stent graft main body is advanced under 
 fl uoroscopic guidance; this limits the number of 

catheter exchanges.  In hemodynamically unstable 
patients  that require in fl ation of the aortic occlu-
sion balloon, the “marker  fl ush catheter” is 
exchanged for the stent graft main body which is 
delivered up to the renal arteries. An arteriogram 
is done via the sheath that is used to support the 
aortic occlusion balloon, the tip of the stent graft 
main body is aligned with the lowermost renal 
artery, the occlusion balloon is subsequently 
de fl ated and withdrawn back with the delivery 
sheath into the AAA, and the stent graft main 
body is deployed. The remainder of the EVAR 
procedure is performed similar to as in elective 
circumstances: (1) the tip of the stent graft main 
body aligned with the lowermost renal artery, (2) 
the contralateral gate aligned to facilitate expedi-
tious “gate cannulation”, and (3) the ipsilateral 
and contralateral iliac extensions planned and 
deployed as needed. 

 There are several important technical aspects 
that merit discussion, including (1) availability of 
preoperative CT, (2) choice of anesthesia and per-
cutaneous versus femoral cutdown approach, (3) 
aortic occlusion balloons, (4) bifurcated versus 
aorto-uni-iliac stent grafts, (5) adjunctive proce-
dures, (6) abdominal compartment syndrome, 
and (7) conversion to open surgical repair.  

   Availability of Preoperative CT Scan 

 The hemodynamic status of the ruptured AAA 
patient generally dictates the need for a preopera-
tive CT scan, and although while planning for 
this emergent open surgical repair a preoperative 
CT is not considered a necessity, while planning 
an emergent EVAR, most would agree that we 
would like to have a CT scan for evaluating the 
feasibility of EVAR as well as for stent graft siz-
ing. So the question is whether one has the time 
to get an emergent CT scan prior to EVAR, and if 
not, are there other tools available that might help 
us manage these hemodynamically unstable 
patients by endovascular means? Lloyd et al. 
published data on a time to death study in patients 
with ruptured AAA who did not undergo treat-
ment  [  12  ] . Their  fi ndings indicated that 88 % (49 
of 56) patients died >2 h after admission with the 
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diagnosis of ruptured AAA. The median time 
interval from the onset of symptoms to admission 
to the hospital was 2.5 h, and the interval between 
hospital admission with the diagnosis of ruptured 
AAA and death was 10.5 h. This data would 
clearly suggest that majority of patients with rup-
tured AAA have the time to undergo an emergent 
CT scan, particularly if there is an established 
protocol that facilitates early diagnosis and trans-
fer of patient from the ER to the OR. The obvious 
question that remains is how often are ruptured 
AAAs suitable for endovascular repair? Recently, 
we have tried to answer just that by evaluating 
CT scans of 50 consecutive patients that pre-
sented with ruptured AAA and had an available 
CT scan. The endovascular anatomical inclusion 
criteria was slightly modi fi ed from the standard 
“indications for use” de fi ned by each of the FDA-
approved devices and focused on feasibility of 
EVAR for ruptured AAA; this included aortic 
neck length  ³  10 mm, aortic neck diameter  £  
32 mm, aortic neck angulation  £  75°, and bilat-
eral iliac artery diameter > 5 mm. Using the 
above-mentioned criteria, our  fi ndings indicated 
that 80 % of ruptured AAA patients could be 
considered anatomically suitable for EVAR, and 
this is comparable to our clinical  fi ndings of treat-
ing over 120 ruptured AAA patients by endovas-
cular means. When evaluating patients with 
ruptured AAA, even if one were to adhere strictly 
to the stent graft IFU (indications for use) that 
were used during the pivotal trials that lead to 
FDA approval of the device, approximately 60 % 
of the patients would be considered anatomically 
suitable to undergo ruptured EVAR  [  13  ] .  

   Choice of Anesthesia and Approach 

 Depending on one’s comfort level and the logis-
tics, EVAR for rupture can be performed under 
local anesthesia via percutaneous approach to 
general anesthesia and femoral artery cutdown. 
The potential bene fi ts of local anesthesia and per-
cutaneous approach is that it might avoid the loss 
of “sympathetic tone” in the compromised rup-
tured AAA patients  [  14  ] . The percutaneous tech-
niques have several limitations since currently 

available stent grafts are delivered through large 
sheath sizes ranging from 18 to 24 Fr, and one 
has to be comfortable with obtaining percutane-
ous access and using closure devices in patients 
that might be hemodynamically unstable with 
dif fi cult to palpate femoral pulses. One also needs 
to be comfortable in utilizing “preclose” tech-
niques with ProStar XL and Perclose ProGlide 
Suture-Mediated Closure System (Abbott 
Vascular, Santa Clara, CA)  [  15  ] . In hemodynami-
cally stable patients, particularly in the hands of 
experienced operators, these percutaneous proce-
dures are quite feasible. However, it has been our 
standard approach to perform EVAR for rupture 
under general anesthesia with femoral artery 
 cutdown. We have found that femoral access via 
cutdown can be accomplished within minutes, 
and this approach is easier to standardize than the 
percutaneous approach. 

 We have reserved the percutaneous approach 
for endovascular aneurysm repair of ruptured 
abdominal aortic aneurysm in select patients that 
are considered to be hemodynamically unstable, 
are conscious, and can cooperate with the anes-
thesiologist and the vascular surgeon/interven-
tionist. In these patients, we prefer to access the 
femoral artery percutaneously  without  a closure 
device, advance an appropriately sized sheath 
18–22 Fr as needed, and carry out the endovascu-
lar aneurysm repair procedure. At the completion 
of the endovascular procedure, the femoral 
sheaths are removed via femoral artery cutdown 
and direct femoral artery repair. Of course, the 
preclose technique for totally percutaneous EVAR 
for ruptured aneurysms is most certainly utilized. 
This approach needs to be individualized on the 
basis of the patients’ hemodynamic status.  

   Aortic Occlusion Balloon 

 The appropriate use of aortic occlusion balloons 
in hemodynamically unstable patients is vital to 
the success of EVAR in these emergent circum-
stances. Our preferred method for placing aortic 
occlusion balloons is to use the femoral approach, 
and we have found this to have several advantages: 
(1) it allows the anesthesia team to have access to 
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both upper extremities for arterial and venous 
access; (2) the patients who require the aortic 
occlusion balloon are often hypotensive, and in 
these patients, percutaneous brachial access can 
be dif fi cult and more time-consuming than femo-
ral cutdown; and (3) the currently available aortic 
occlusion balloons require at least a 12-Fr sheath, 
which requires a brachial artery cutdown and 
repair, and stiff wires and catheters across the aor-
tic arch without prior imaging under emergent cir-
cumstances might lead to other arterial injuries 
and/or embolization causing stroke. 

 There are several important points to consider 
during procedures that require in fl ation of the 
aortic occlusion balloons to maintain hemody-
namic stability. To facilitate stabilization of the 
balloon catheter during in fl ation and maintain 
aortic occlusion at the suprarenal/supraceliac 
level, the sheath supporting the balloon should be 
advanced and supported fully into the aortic neck 
prior to in fl ation of the occlusion balloon as this 
will prevent downward displacement and pro-
lapse of the occlusion balloon into the AAA 
(Fig.  9.2 ). Inability to fully engage the sheath 
into the aortic neck due to the presence of 
signi fi cant aortoiliac stenosis, calci fi cations, or 
tortuosity might result in downward displace-
ment of the in fl ated occlusion balloon; this often 
required forward traction on the in fl ated balloon 
catheter to maintain adequate position at the 
suprarenal/supraceliac aorta (Fig.  9.3 ).   

 If in fl ation of the aortic balloon is required to 
maintain a viable blood pressure, then the remain-
der of the EVAR should be conducted expedi-
tiously to limit the time of aortic occlusion and 
further limit the development of complications of 
ongoing bleeding such as abdominal compart-
ment syndrome and multisystem organ failure. 
During the procedure, just prior to deployment of 
the stent graft main body, the aortic occlusion 
balloon should be de fl ated from the suprarenal 
level and withdrawn. The stent graft main body is 
subsequently deployed; this will avoid trapping 
the compliant aortic occlusion balloon between 
the aortic neck and the stent graft. This tempo-
rary de fl ation of the aortic occlusion balloon 
rarely results in hemodynamic collapse and usu-
ally is of little consequence. In hemodynamically 

unstable patients, the occlusion balloon can be 
redirected into the aortic neck from the side ipsi-
lateral to the stent graft main body and rein fl ated 
at the infrarenal aortic neck within the stent graft 
main body; this allows for aortic occlusion and 
does not interfere with the remainder of the endo-
vascular procedure (Fig.  9.4a–c ).  

 Currently there are four different compliant 
occlusion balloons that are readily available, 
with subtle differences (Table  9.1 ). Occlusion 
balloons are composed of compliant materials 
such as polyurethane latex, or silicone, and have 
low burst pressures of <5 atm. Their primary 
function is not angioplasty but molding to the 
surrounding with gentle in fl ation and function in 
capacity of obtaining proximal aortic occlusion 
during EVAR for ruptured AAA and should be in 
the armamentarium of all vascular specialists 
treating AAA.   

   Bifurcated Versus Aorto-Uni-Iliac (AUI) 
Stent Grafts for Ruptured AAA 

 Although the decision to use a particular stent graft 
type and size is determined by the patient’s aor-
toiliac morphology, there are several factors which 

  Fig. 9.2    The sheath supporting the aortic occlusion bal-
loon should be advanced and supported fully into the aor-
tic neck to prevent downward displacement and prolapse 
of the occlusion balloon into the AAA       
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predispose our decisions to use bifurcated versus 
AUI stent grafts in these aortic emergencies: (1) 
inability to access the contralateral gate expedi-
tiously and (2) inability to access the contralateral 
iliac artery due to signi fi cant occlusive disease and/
or tortuosity. When using bifurcated stent grafts 
even in patients that maintain adequate hemody-
namic status, there is the potential for ongoing 
bleeding until adequate proximal and distal  fi xation 
in the aortic neck and iliac arteries is obtained. 
During the procedure, if rapid gate cannulation is 
not obtained, particularly in hemodynamically 
unstable patients, the bifurcated stent grafts should 
be converted to AUI devices by using stent grafts 
such as the Renu device (Cook Inc) or placing aor-
tic cuffs or a second stent graft main body across 
the stent graft  fl ow divider to divert all blood  fl ow 
to the ipsilateral iliac artery. This does require sub-
sequent interruption of  fl ow from the contralateral 
common iliac artery into the AAA via a stent graft 
occluder and a femoral-femoral bypass. 

 In our experience of over 120 EVARs for rup-
tured AAA, approximately 16 % require emer-
gent conversion of bifurcated stent grafts into 
AUI devices. To facilitate contralateral gate can-
nulation during EVAR, we routinely cross the 
stent graft limbs to align them with the contralat-
eral sheath which is usually crossed and anterior 
to the ipsilateral sheath in most cases. With this 
approach, gate cannulation can usually be 
achieved within minutes.  

   Adjunctive Procedures 

 Due to the obvious emergent nature of ruptured 
AAA, preoperative planning can be less than 
ideal, which can lead to the need for additional 
unexpected adjunctive procedures. To discuss all 
adjunctive procedures that might be needed dur-
ing EVAR for ruptured AAA is beyond the scope 
of this chapter; however, the use of Palmaz stents 
at the aortic neck for treatment of type I endoleaks 
is a technique that should be in one’s armamen-
tarium  [  14  ] . Our standard approach includes the 
following: (1) a Palmaz 4,910 stent is hand 
crimped and centered onto a 20–25-mm non-
compliant Maxi-LD balloon (Cordis), (2) both 

c

b
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  Fig. 9.3    Inability to fully engage the sheath into the aortic 
neck due to the presence of signi fi cant aortoiliac stenosis, 
calci fi cations, or tortuosity might result in downward displace-
ment of the in fl ated occlusion balloon ( a – c ); this often required 
forward traction on the in fl ated balloon catheter to maintain 
adequate position at the suprarenal/supraceliac aorta       
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ends of the Maxi-LD balloon with the Palmaz 
stent are slightly in fl ated to avoid “watermelon 
seed” displacement of the Palmaz stent during 
deployment, (3) a 16–18-Fr delivery sheath is 
advanced into the straight and nontortuous main 
body of the stent graft, (4) the Palmaz stent 
loaded onto the balloon is delivered to the juxta-
renal aorta and aligned for deployment partially 
in the stent graft main body and the native aortic 

neck and deployed under  fl uoroscopic guidance, 
and (5) the Maxi-LD balloon is exchanged for a 
compliant aortic occlusion balloon, described 
earlier, and the Palmaz stent is molded to anchor 
the stent graft to the aortic wall.  

   Assessing for Abdominal 
Compartment Syndrome 

 With increasing use of endovascular techniques 
for treating ruptured AAA, there is an increased 
recognition of new complications, such as abdom-
inal compartment syndrome (ACS)  [  15  ] . The 
pathophysiology of ACS after EVAR for ruptured 
AAA is multifactorial: (1) the retroperitoneal 
hematoma is a space-occupying lesion and a 
signi fi cant factor contributing to intra-abdominal 
hypertension, (2) ongoing bleeding from lumbar 
and inferior mesenteric arteries into the disrupted 
aneurysm sac in the setting of severe coagulopathy 
might be a contributing factor, and (3) the shock 

a b c

  Fig. 9.4    ( a ) Managing the aortic occlusion balloon 
 during stent graft deployment. In fl ated suprarenal aortic 
occlusion balloon via left femoral approach, the stent graft 
main body via right femoral approach, and arteriogram 
done through the left femoral sheath supporting the occlu-
sion balloon. ( b ) Managing the aortic occlusion balloon 
during stent graft deployment. The aortic occlusion bal-
loon is de fl ated and retracted back from the aortic neck, 
and the stent graft main body subsequently deployed; this 

avoids trapping of the compliant aortic occlusion balloon 
between the aortic neck and the stent graft. ( c ) Managing 
the aortic occlusion balloon during stent graft deploy-
ment. In hemodynamically unstable patients, the occlu-
sion balloon can be redirected into the aortic neck from 
the side ipsilateral to the stent graft main body and 
rein fl ated at the infrarenal aortic neck within the stent 
graft main body prior to contralateral gate cannulation       

   Table 9.1    Properties of compliant aortic occlusion 
balloons   

 Occlusion 
balloon 

 Sheath 
size (Fr) 

 Catheter 
length (cm) 

 Max. 
balloon 
diameter 
(mm) 

 Reliant 
(Medtronic Ave) 

 12  100  46 

 Coda (Cook Inc)  14  100–120  32, 40 
 Equalizer 
(Boston 
Scienti fi c Corp) 

 14–16  65, 110  20, 27, 
33, 40 

 Q-50  12  65  10–50 
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state associated with ruptured AAA is associated 
with alterations in microvascular permeability that 
can lead to visceral and soft tissue edema. 

 Most published data would suggest that the inci-
dence of ACS following EVAR for ruptured AAA 
varies and probably dependent on the hemodynamic 
status of the patients being treated. In our own series 
of EVAR for ruptured AAA in hemodynamically 
stable and unstable patients, the incidence of ACS 
was noted to be 18 %, and several variables were 
identi fi ed as signi fi cant contributing factors. These 
include (1) use of aortic occlusion balloon, (2) need 
for massive blood transfusions (mean 8 units 
PRBC), and (3) coagulopathy with elevated aPTT 
at completion of case. In our experience, patients 
that developed ACS had a signi fi cantly increased 
mortality (67 %) when compared to those without 
ACS (10 %). As a result of these observations, our 
protocol for the endovascular treatment of r-AAA 
has evolved. Systemic heparinization which was 
used earlier in our experience during EVAR for rup-
ture is avoided, and coagulation studies are aggres-
sively corrected during the perioperative period to 
help limit the ongoing bleeding from collateral ves-
sels. Furthermore, bladder pressures are recorded 
on an hourly basis during the procedure as well as in 
the postoperative period. If the bladder pressures are 
increased, regardless of the presence of other asso-
ciated factors, we emphatically recommend that 
patients undergo decompression laparotomy. 
However, the question is how many factors need to 
be present in the absence of increased bladder pres-
sures to accurately predict ACS. In our clinical 
practice, regardless of the presence of increased 
bladder pressures, if patients have more than one 
risk factor for developing ACS (aortic occlusion 
balloon, massive blood transfusion, or coagulopa-
thy), have abdominal distention, and manifest signs 
of end-organ dysfunction, they undergo on-table 
laparotomy. It is our belief that taking these mea-
sures might help identify and treat ACS and decrease 
the associated morbidity and mortality.  

   Conversion to Open Surgical Repair 

 Regardless of all the improvements in endovas-
cular techniques, there are times when on-table 

conversion to open surgical repair is needed, and 
this approach should be in the armamentarium of 
all surgeons/interventionists involved in treating 
ruptured AAA patients. A comprehensive discus-
sion of open surgical repair is beyond the scope 
of this chapter, but there are a few key points that 
need to be mentioned here. When on-table surgi-
cal conversion is needed, the use of aortic occlu-
sion balloon can be extremely valuable in 
maintaining hemodynamic stability; the tech-
niques of aortic occlusion balloon have been dis-
cussed above. In addition, during the time of 
laparotomy and open surgical conversion, it is 
crucial to maintain the position of the aortic 
occlusion balloon and its delivery sheath; failure 
to do so might result in aortic occlusion balloon 
prolapse into the AAA and loss of aortic occlu-
sion. If open surgical conversion is needed subse-
quent to stent graft deployment, the exact 
approach should be tailored to the type of stent 
graft and the type of proximal and distal  fi xation 
including suprarenal versus infrarenal stents and 
barbs  [  16  ] .  

   Relevant Outcomes 

 Today, the vascular literature has ample evidence 
that goes well beyond the feasibility of ruptured 
EVAR. Recent  fi ndings of the Albany Vascular 
Group indicate that ruptured EVAR is associated 
not only with a lower 30-day mortality but also a 
signi fi cant long-term survival advantage when 
compared to open surgical repair  [  17  ] . Mehta 
et al. evaluated 283 patients with ruptured AAA 
that underwent EVAR ( n  = 120, 42.4 %) and OSR 
( n  = 163, 57.6 %) at Albany Medical Center. 
EVAR patients had a signi fi cantly lower 30-day 
mortality than OSR patients (29/120, 24.2 % vs. 
72/163, 44.2 %;  p  < 0.005) and better cumulative 
5-year survival (35 % vs. 25 %,  p  < 0.005). Men 
bene fi ted more from EVAR (mortality 20.9 % for 
EVAR vs. 44.3 % for OSR,  p  < 0.001) than women 
(mortality 32.4 % vs. 43.9 %,  p  = 0.39). Age 
 ³ 80 years was a signi fi cant predictor of death for 
EVAR (OR 1.07,  p  = 0.003), but not for OSR (OR 
1.04,  p  = 0.056). For r-AAA, EVAR reduces the 
30-day mortality and improves long-term survival 
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up to 5 years. However, women do not bene fi t as 
much as men and seem to do equally well from 
OSR. Older patients have higher mortality rates. 
Secondary interventions were required in 23 % of 
EVAR patients. 

 A meta-analysis of 23 published studies on 
endovascular versus open surgical repair of rup-
tured AAA analyzed outcomes in 7,040 patients 
that underwent EVAR ( n  = 730, 10 %) or open 
surgical repair ( n  = 6,130, 90 %). The  fi ndings 
indicated that ruptured EVAR was associated 
with a signi fi cant reduction in 30 day mortality, 
reduction in the mean intensive care unit length of 
stay by 4 days, and reduction in the mean hospital 
length of stay by 9 days  [  18  ] . A further analysis of 
the US NSQIP database, a prospective multi-
center registry, that collectively evaluated 427 
ruptured AAA patients from 2005 to 2007 that 
underwent either EVAR (23 %) or open surgical 
repair (77 %) also indicated that open surgical 
repair of ruptured AAA was associated with a 
signi fi cantly higher 30-day mortality (OR 1.9, 
 p  = 0.006) when compared to EVAR  [  19  ] . 
Collected ruptured EVAR world experience with 
collaboration from 49 centers indicates the over-
all 30-day mortality after EVAR in 1,037 patients 
to be 21 % provided that they have favorable anat-
omy, adequate endovascular skills, facilities, and 
protocols available  [  20  ] . Regardless of dozens of 
reports indicating the bene fi ts of ruptured EVAR, 
there is some controversy on this subject as three 
prospective trials, two randomized and one non-
randomized, have failed to demonstrate the 
bene fi ts of EVAR to open surgical repair for rup-
tured AAA, and an additional two prospective 
RCTs evaluating endovascular versus open surgi-
cal repair of ruptured AAA are underway  [  21–  25  ] . 
There are several limitations of the above-men-
tioned trials that failed to demonstrate the bene fi t 
of EVAR including a signi fi cant delay in treat-
ment in an intent-to-treat study following the 
diagnosis of ruptured AAA that resulted in equally 
poor outcomes of EVAR when compared to open 
surgical repair (EVAR 53 % vs. open surgical 
53 %). The  fi ndings of a recent Dutch multicenter 
randomized trial (AJAX) that evaluated death and 
severe complications as primary endpoints have 
indicated no difference between ruptured EVAR 

and open surgical repair. AJAX  fi ndings indicate 
that death and severe complications occur in 42 % 
of patients following ruptured EVAR and in 47 % 
following ruptured open surgical repair, and this 
difference is nonsigni fi cant. Now there are sev-
eral limitations of this study. The AJAX trial was 
conceived in 2003 and randomized 116 patients 
over nearly an 8-year period. Over this time 
period, 520 patients were enrolled in the trial, of 
which nearly 90 % were enrolled at a single trial 
center. Of the 520 patients, 395 (76 %) were eval-
uated by CT scan, of which 240 (61 %) were 
found to have unfavorable anatomy for EVAR 
and were excluded. Another 39 (10 %) patients 
were excluded for a variety of reasons. The 
remaining 116 (22 %) patients were randomized 
to EVAR (57) or open surgical repair (59). For a 
prospective randomized multicenter trial, this trial 
had a signi fi cant patient selection bias, rendering 
its outcomes questionable in the real world. In the 
real-world clinical scenarios, with currently avail-
able data on over a thousand patients demonstrat-
ing favorable outcomes of ruptured EVAR, one 
can argue whether randomized prospective trials 
on EVAR versus open surgical repair offer any 
bene fi t. 

 Over the past decade, the proportion of rup-
tured AAA patients being treated by endovascu-
lar means is steadily increasing, and ruptured 
EVAR is evolving from being performed in aca-
demic tertiary medical centers only to commu-
nity hospital. Anain and colleagues were early 
adopters of a standardized EVAR- fi rst approach 
for ruptured AAA in a community hospital set-
ting; their  fi ndings indicate that regardless of the 
hemodynamic status, 75 % of ruptured AAA 
patients can undergo EVAR with a technical suc-
cess of over 90 % and a marked improvement in 
survival (EVAR 83 % vs. open repair 60 %, 
 p  < 0.05)  [  26  ] . Although earlier reports on 
Nationwide Inpatient Sample (NIS) database 
indicate that the mortality of ruptured EVAR con-
tinues to be signi fi cantly higher in nonteaching 
community hospitals when compared to aca-
demic medical centers (55 % vs. 21 %,  p  < 0.05), 
with establishment of standardized ruptured 
EVAR protocols, current nationwide literature 
suggests wider adoption of ruptured EVAR 
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approximating 25 % of all ruptured AAA with 
improved outcomes  [  27,   28  ] . Implementation of 
a standardized protocol for emergent ruptured 
EVAR has been demonstrated to improve out-
comes and allow for emergent treatment of hemo-
dynamically unstable patients in our experience 
as well as others. Moore et al. have demonstrated 
evidence of a signi fi cant reduction in mortality 
(17.9 % vs. 30 %,  p  < 0.05) after introduction on 
an emergency endovascular therapy protocol for 
ruptured AAA  [  29  ] . Their  fi ndings also suggest 
that hemodynamically unstable patients show 
trends toward improved survival after ruptured 
EVAR when compared to open surgical repair. 
A signi fi cant percentage of ruptured AAA pres-
ent with hemodynamic instability, and without a 
standardized protocol, these patients are often not 
considered suitable for EVAR and undergo open 
surgical repair  [  30  ] . It is these hemodynamically 
unstable patients that have the highest mortality 
of open surgical repair and might be the ones to 
experience the greatest bene fi t of EVAR, and fur-
ther studies on hemodynamically unstable rup-
tured AAA patients are needed. Lastly, health 
care cost implications play a major role in evolu-
tion of treatments and technology, and a recent 
report by Hayes and colleagues in the cost- 
effectiveness analysis of endovascular versus 
open surgical repair of ruptured AAA based on 
worldwide experience indicates signi fi cant cost 
reduction and improvements in quality-adjusted 
life years in patients that undergo EVAR  [  31  ] .  

   The Bottom Line 

 Endovascular repair of ruptured AAA is evolving 
and offers the potential for improved patient sur-
vival. Unlike elective EVAR, during emergent 
EVAR, the time for preoperative planning is lim-
ited, and often the preoperative imaging is less 
than ideal; under these circumstances, one often 
has to get creative and utilize more of a “prob-
lem-solving approach” to address challenging 
issues that might arise during these emergent cir-
cumstances. A standardized multidisciplinary 
approach can be instrumental in organizing path-
ways that can accommodate individual practices 

and hospital infrastructure and facilitate a 
 seamless transition of these often hemodynami-
cally unstable patients from the time of diagnosis 
to successful EVAR. There are several important 
technical aspects including the choice of anesthe-
sia, percutaneous versus femoral cutdown 
approach, use of aortic occlusion balloons, use of 
bifurcated versus aorto-uni-iliac stent grafts, and 
adjunctive procedures that need to be well under-
stood as one embarks on performing these 
procedures.   

   TEVAR for Ruptured Thoracic 
Aortic Aneurysms 

 The  fi rst report of TEVAR for ruptured TAA was 
in 1997  [  32  ] , and similar to EVAR over the past 
decade, TEVAR is clearly becoming the proce-
dure of choice in patients with ruptured TAA and 
suitable proximal and distal stent graft landing 
zones. Today, there are three FDA-approved tho-
racic stent grafts (TAG: WL Gore & Ass, 
Flagstaff, AZ; TALENT: Medtronic Ave, Santa 
Rosa, CA; Zenith TX2: Cook Inc, Bjaeverskow, 
Denmark), another has completed US phase II 
clinical trial (RELAY: Bolton Medical Inc, 
Sunrise, FL), and clinical data for all approved 
devices indicates TEVAR to have a signi fi cantly 
lower morbidity and mortality when compared to 
open surgical repair  [  33–  35  ] . TEVAR also has 
evolved from treatment of elective TAA to emer-
gent acute thoracic aortic emergencies including 
ruptured TAA and traumatic thoracic aortic 
transections. Similar to ruptured AAA, ruptured 
TAA is a life-threatening emergency that has tra-
ditionally been associated with a signi fi cant mor-
tality ranging from 35 to 90 %  [  36  ] . Similar to 
ruptured EVAR, the potential bene fi t of ruptured 
TEVAR in decreasing the morbidity and mortal-
ity is all too obvious; however, there are several 
limitations that surgeons/interventionists have to 
better understand to optimize outcomes of 
TEVAR for acute thoracic aortic emergencies, 
including advances and limitations of stent graft 
technology and imaging. 

 The incidence of ruptured TAA is far less than 
that of ruptured AAA, and hence, reports in 
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 literature comprise of most single centers reporting 
only a handful of cases each. Recently, Jasper 
et al. published a meta-analysis on worldwide 
experience of open versus endovascular repair of 
ruptured descending TAA as most studies evalu-
ated indicate that TEVAR for ruptured TAA is 
associated with signi fi cantly lower 30-day mor-
tality when compared to open surgical repair, 
and although the morbidity of myocardial infarc-
tion, stroke, and paraplegia tends to be lower 
with endovascular therapy, this difference is not 
statistically signi fi cant  [  37  ] . A meta-analysis of 
contemporary published reports on ruptured 
TEVAR evaluated 29 studies that included 224 
patients (mean age 70 ± 5.6 years) with ruptured 
TAA, 143 (64 %) treated with TEVAR and 81 
(36 %) treated with open surgical repair. The 
results indicated that when compared to open 
surgical repair, the 30-day mortality of ruptured 
TAA was signi fi cantly lower for TEVAR (19 % 
vs. 33 %,  p  < 0.05), and at 3 years, the estimated 
aneurysm-related survival was 71 % in the 
TEVAR group. Although the TEVAR patients 
had a trend toward lower morbidity, the differ-
ences in the immediate postoperative complica-
tions of myocardial infarction, stroke, or 
paraplegia among the two groups were not statis-
tically signi fi cant. 

 Recent data would suggest that TEVAR for 
ruptured TAA is associated with signi fi cantly less 
mortality when compared to open surgical repair 
and, similar to EVAR for ruptured AAA, is being 
considered the  fi rst approach for managing rup-
tured TAA by centers with comprehensive endo-
vascular capabilities. The complexities of 
ruptured TEVAR evolve around imaging, access-
ing, and dealing with the arch great vessels at the 
proximal stent graft landing zones and the vis-
ceral vessels at the distal stent graft landing zones 
 [  38  ] . Furthermore, complications of stroke and 
spinal cord ischemia are additional risks that one 
has to consider when treating ruptured TAA 
patients via endovascular techniques  [  39,   40  ] . 
Although there are no set guidelines for cerebro-
spinal  fl uid (CSG) drainage during ruptured 
TEVAR, we generally follow CSF drainage rec-
ommendations similar to those during elective 

TEVAR; CSF drainage is reserved for patients 
with prior abdominal  aortic reconstructions 
(endovascular and open surgical) and if extensive 
thoracic aortic coverage is planned extending 
from the subclavian to the celiac artery. 

 When planning TEVAR, particularly in emer-
gent circumstances, the surgeon/interventionist 
needs to have a comprehensive understanding of 
imaging; today, CTA is most frequently used to 
evaluate patients with thoracic aortic emergencies, 
and one has to be able to perform adequate mea-
surements and select the appropriate stent grafts 
for TEVAR. Ruptured TAA limited to the descend-
ing thoracic aorta account for approximately one-
third of all aortic emergencies and stent graft 
coverage of arch vessels, including the left subcla-
vian and sometimes the left common carotid 
artery, which often require extra-anatomical 
carotid-subclavian and carotid-carotid bypasses. 
The details of this discussion are beyond the scope 
of this chapter   . Suggest some edits to the follow-
ing: Furthermore, in patients with ruptured TAA 
that have inadequate distal landing zones, the risks 
and bene fi ts of celiac artery coverage to lengthen 
the distal stent graft landing zone need to be evalu-
ated. Data is scarce on this subject, and recently 
we evaluated our single-center  fi ndings of out-
comes of planned celiac artery coverage during 
TEVAR for elective and emergent repair  [  41  ] . The 
study analyzed 228 patients that underwent 
TEVAR under elective ( n  = 162, 71 %) and emer-
gent circumstances ( n  = 66, 29 %), of which 31 
(14 %) patients underwent planned celiac artery 
coverage during TEVAR. CTA was primarily used 
for a detailed evaluation of the gastroduodenal 
arcade and communicating collaterals between 
the celiac and the superior mesenteric artery 
(SMA). Intraoperative visceral arteriogram with 
selective celiac artery balloon occlusion was 
selectively used to identify the presence of these 
collaterals. The majority of patients had demon-
strable collaterals between the celiac and the SMA 
( n  = 24, 77 %), the mean age was 74 years (range 
55–87 years), and the mean TAA size was 6.5 cm. 
Postoperative complications included visceral 
ischemia in 2 (6 %) patients, paraplegia in 2 (6 %) 
patients, and death in 2 (6 %) patients. All type 1b 
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endoleaks ( n  = 2, 6 %) and type 2 endoleaks vial 
retrograde  fl ow from the celiac artery ( n  = 3, 10 %) 
were successfully treated by transfemoral coil 
embolization. Over a mean follow-up of 
15 months, there have been no other complica-
tions of mesenteric ischemia, spinal cord isch-
emia, SMA in-stent stenosis, or conversion to 
open surgical repair. Our  fi ndings suggest that 
celiac artery coverage to facilitate adequate distal 
sealing during TEVAR with complex TAA is rela-
tively safe in the presence of SMA-celiac collater-
als. Preexisting SMA stenosis can be successfully 
treated by balloon-expandable stents during 
TEVAR, and endoleaks arising from distal stent 
grafts’ attachment site or via retrograde  fl ow from 
the celiac artery can be successfully managed by 
transfemoral coil embolization. 

 TEVAR requires delivery sheaths ranging 
from 18 to 24 Fr, and these larger sheath sizes 
may pose access-related issues when planning 
TEVAR, particularly in emergent circum-
stances. The CTA should not only focus on the 
TAA but needs to be inclusive of imaging up to 
the femoral heads to evaluate the iliac and fem-
oral arteries. Although    iliac artery caliber of 
<7 mm is generally considered to be a limita-
tion in passage of large sheaths, it is more than 
just the iliac artery diameter that needs to be 
considered during planning TEVAR; the pres-
ence of signi fi cant tortuosity, calci fi cations, 
prior iliac stents, and prior aortoiliac/femoral 
bypass using prosthetic conduits are variables 
that can impact on our ability to access these 
arteries, and in such instances, a prosthetic con-
duit (10-mm PTFE or Dacron) can be sewn to a 
larger common iliac artery via retroperitoneal 
exposure for access. Lastly, the use of aortic 
occlusion balloons during ruptured TEVAR is 
rarely if ever needed, and there are several rea-
sons for that; the survivors of ruptured TAA 
that get to the ER often are stable enough for an 
expedited thorough workup and treatment, and 
patients that are hemodynamically unstable and 
require the need for aortic occlusion balloon 
need an aortic occlusion balloon landing zone 
in the descending thoracic aorta, since in fl ation 
of these occlusion balloons in the ascending 

thoracic aorta or the thoracic arch would gener-
ally be catastrophic.  

   TEVAR for Traumatic Thoracic 
Aortic Transections 

 Thoracic aortic transection is a morbid condition 
that historically was dif fi cult to manage. The 
treatment involved open surgery and aortic cross 
clamping with its associated signi fi cant morbid-
ity and mortality. These injuries are related to 
blunt trauma, and most are caused by decelera-
tion related to motor vehicle accidents. Bleeding 
from thoracic aortic transections is the second 
most common cause of death from motor vehicle 
accidents (after head injury) with an overall mor-
tality of over 90 %  [  42  ] . It is estimated that in the 
USA approximately 7,500–8,000 blunt aortic 
traumatic injuries occur yearly, only 25 % of 
patients are alive on arrival to the emergency 
rooms, and nearly half of these patients will die 
within the  fi rst 24 h  [  43  ] . Similar to the evolution 
of endovascular technology in treatment of rup-
tured AAA and TAA, over the past decade, 
TEVAR has also been used frequently for treat-
ment of traumatic thoracic aortic transections. 

 Recently, the Society of Vascular Surgery 
issued guidelines for endovascular repair of 
traumatic thoracic aortic injury after a systemic 
review of literature that included 7,768 patients 
with traumatic thoracic aortic transections that 
underwent TEVAR, open surgical repair, and 
nonoperative conservative management  [  44  ] . 
The  fi nding of this comprehensive review indi-
cates that TEVAR when compared to open sur-
gical repair was associated with signi fi cantly 
lower 30-day mortality (9 % vs. 19 %,  p  < 0.05), 
complications of spinal cord ischemia (3 % vs. 
9 %,  p  < 0.05), and renal failure (5 % vs. 8 %, 
 p  < 0.05), and nonoperative therapy was associ-
ated with a mortality of 46 %. There has been 
much debate as to the indications for cerebro-
spinal  fl uid (CSF) drainage during TEVAR, cur-
rently available data would indicate that patients 
with traumatic thoracic aortic injury require 
short-segment thoracic aortic coverage and have 
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a low incidence of complications of spinal cord 
ischemia, and therefore, routine CSF drainage 
is not recommended. 

 Although these  fi ndings and the Society of 
Vascular Surgery recommendations indicate that 
TEVAR for traumatic thoracic aortic transections 
is associated with improved outcomes when com-
pared to open surgical repair or nonoperative 
therapy, there are several important factors one 
needs to consider during endovascular manage-
ment of these complex problems. Currently, there 
is no FDA-approved stent graft for treatment of 
traumatic thoracic aortic injuries, and use of stent 
grafts designed to treat TAA to accommodate the 
thoracic aortic of a younger patient population 
poses some inherent risks of limitations in access 
vessels, procedure-related complications that can 
result in stent graft collapse and endoleaks, cov-
erage of left subclavian artery, and follow-up 
strategy via CTA that might have additional risks 
to the patients. The traumatic thoracic aortic 
injury is usually located at the isthmus just distal 
to the left subclavian artery. The proximal stent 
graft landing zone is the key component to suc-
cessful endovascular repair, and since most stent 
grafts require 2 cm of proximal landing zone to 
obtain a seal, this can sometimes pose a challenge 
as nearly one-half of the patients with aortic rup-
ture are within 1 to 2 cm of the left subclavian 
artery. However, the clinical experience suggests 
that this does not provide an acute risk of limb 
ischemia, and late “steal” phenomenon can be 
electively treated with carotid-subclavian bypass 
when the patient has stabilized  [  45  ] . Young 
patients with relatively normal thoracic aortas 
have acute angulation across the thoracic arch 
which adds complexity with sizing, tracking, and 
deployment of currently available thoracic stent 
grafts. Signi fi cant oversizing can lead to subopti-
mum conformation of these devices which can 
lead to device collapse, kinks, stent fractures, and 
other device-related issues that might require sec-
ondary interventions. Furthermore, it is often 
dif fi cult to know when to intervene on these com-
plications; currently, data on management of 
these device-related complications following 
TEVAR for traumatic thoracic aortic injury is 
scarce. The future TEVAR devices will have to 

incorporate improvements in stent graft design 
that allows improved trackability, deployment, 
lower pro fi le, and ability to accommodate branch 
vessels.      
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   Introduction    

 Minimally invasive surgery has profoundly 
impacted the management of the surgical diseases 
across all specialties. Advances in endovascular 
technologies have fundamentally changed the 
practice of cardiovascular surgery, while the role 
for laparoscopy has remained limited. Management 
of the diseased aorta has been no exception. 
Large-scale trials have shown that patients bene fi t 
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  Abstract 

 Minimally invasive approaches have taken the world of vascular surgery 
by storm, particularly endovascular techniques. Nevertheless, open surgi-
cal technique like the aortobifemoral bypass (AFB) remains an extremely 
ef fi cacious and durable operation and is the procedure against which all 
other iliac procedures are benchmarked. However, if one thinks of an open 
procedure, like an endovascular procedure, as consisting of both a “deliv-
ery system” and a therapeutic component, the delivery system for aorto-
bifemoral bypass remains unappealing and in many instances a very 
high-risk operation in patients with signi fi cant comorbidities. Consequently, 
endovascular management of aortoiliac disease has moved to the front line 
of the treatment algorithm. Being able to deliver the results of open surgi-
cal techniques in a more acceptable manner is possible today both by 
totally laparoscopic or robotic abdominal procedure. This not only reduces 
the convalescence period but also leads to fewer operative complications 
than standard techniques. This chapter discusses current minimally inva-
sive laparoscopic and robotic techniques in aortic surgery.  
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in the immediate postoperative period from 
minimally invasive endovascular interventions, 
while they have also con fi rmed the superiority of 
the open approach in terms of cost and durability 
over time  [  1,   2  ] . Laparoscopic and robotic aortic 
surgeries have the potential to provide surgeons 
with an option that diminishes short-term compli-
cations associated with open abdominal opera-
tions and at the same time maximizes long-term 
success by reducing surveillance requirements 
and re-intervention rates. Over the past 20 years, a 
number of vascular surgeons have demonstrated 
feasibility as well as good short- and midterm out-
comes for laparoscopic and robotic aortic surgery. 
In this chapter, we will describe validated tech-
niques, review outcomes, and examine the future 
of laparoscopy and robotics in aortic surgery.  

   Laparoscopic Aortic Surgery 

 Laparoscopy was introduced  fi rst into general 
surgery over 30 years ago and has been widely 
incorporated into surgical practice. Minimally 
invasive techniques have been shown to reduce 
postoperative cardiopulmonary complications, 
pain, and length of stay  [  3–  5  ] . Vascular surgery 
has been slower to adopt laparoscopic techniques, 
as attention in the  fi eld has been focused on endo-
vascular interventions and laparoscopy presents 
numerous technical challenges, particularly for 
surgeons who have not had advanced laparo-
scopic training. Despite important advances and 
widespread use of endovascular therapies, open 
repair of AAA and aortic occlusive disease 
remains superior with respect to decreased rates 
of re-intervention and diminished surveillance 
burden  [  6  ] . As such, options for laparoscopic 
and/or robotic approaches that capitalize on the 
known bene fi ts of both minimally invasive sur-
gery and open repair of the diseased aorta have 
continued to be explored. In 1993, Dion and col-
leagues described the  fi rst laparoscopic-assisted 
approach for management of aortoiliac disease 
 [  7  ] . Working alongside experienced laparosco-
pists, a minority of vascular surgeons have since 
developed a variety of approaches to minimally 
invasive aortic surgery. 

   Techniques 

 Laparoscopic surgery for aortoiliac occlusive 
disease and abdominal aortic aneurysms may be 
performed in a totally laparoscopic or hand-
assisted fashion. The aorta is accessed by either a 
retroperitoneal or transperitoneal approach, and 
choice of approach is dictated by patient-speci fi c 
factors (body habitus, previous abdominal opera-
tions), aneurysm-speci fi c factors (relationship to 
renal arteries), and surgeon preference. Techniques 
for a transperitoneal approach that have been 
described include a retrocolic, prerenal approach; 
a retrocolic, retrorenal approach; and a direct 
transperitoneal approach  [  7–  9  ] . The retrocolic, 
prerenal transperitoneal approach described by 
Coggia and colleagues is a modi fi cation of the 
technique originally performed by Dion for 
accessing the aorta and using peritoneum to retract 
bowel. It allows for access to the aorta by incising 
along the Toldt fascia lateral to the left colon. 
Dissection of the left mesocolon along the entire 
length of the descending colon and medially to the 
left renal vein allows for  fi xation of the mesocolon 
to the anterior abdominal wall, which forms an 
“apron” behind which bowel can be retracted for 
optimal exposure of the aorta (Fig.  10.1 )  [  7,   9  ] . 
Coggia also described a transperitoneal retrorenal 
alternative to a purely retroperitoneal approach, 
which is useful in patients with juxtarenal lesions 
requiring suprarenal clamping or in patients who 
have undergone previous abdominal surgeries that 
would preclude straightforward dissection along 
the line of Toldt  [  8  ] .  

 Hand-assisted laparoscopic surgery (HALS) 
is performed by making a 7–8-cm midline 
incision at the level of the presumed proximal 
anastomosis and introducing a specialized hand 
port that allows for maintenance of pneumoperi-
toneum. The surgeon’s nondominant hand aids in 
retraction of bowel and provides tactile feedback 
during the dissection. The hand port may also be 
removed and the incision converted to a minilap-
arotomy, permitting the surgeon to hand sew the 
aortic anastomosis under direct vision  [  10  ] . In the 
laparoscopic-assisted approach, dissection is per-
formed totally laparoscopically. Upon accessing 
the aorta, a minilaparotomy is performed, and in 
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a similar fashion to the HALS approach, the 
anastomosis is sewn within the incision  [  11  ] .   

   Robotic Aortic Surgery 

 Surgical robotics was  fi rst utilized to facilitate 
neurosurgical biopsies in 1985 and has since 
found application in orthopedics, urologic, gyne-
cologic, cardiothoracic, general, and vascular sur-
gery  [  12  ] . Surgical assistance systems provide 
intelligent, versatile tools that augment the physi-
cian’s ability to treat patients in a minimally inva-
sive fashion, by eliminating hand tremor and 
enabling dexterous operation inside the patient’s 
body. Surgical robotics systems have enabled sur-
geons to treat otherwise untreatable conditions, all 
while reducing morbidity and error rates, shorten-
ing operative times, reducing radiation exposure, 
and improving overall work fl ow  [  13  ] . These capa-
bilities have begun to be realized in only a few 
centers in robot-assisted laparoscopic aortic sur-
gery for occlusive and aneurysmal disease.  

   Robotic-Assisted Laparoscopic 
Surgery 

 Throughout surgical disciplines, the advantages 
of minimally invasive surgery have been demon-
strated and have, in many cases, become the stan-
dard. However, the particular dif fi culty of 
performing vascular anastomoses has heretofore 
proved prohibitive for accomplishing timely and 

safe minimally invasive operations for patients 
requiring aortic repair. In 1995, Intuitive Surgical 
created the computer-enhanced robotic system 
known today as the da Vinci Surgical System. 
The goal of this device was to create familiar 
hand movements from open surgery while per-
forming operations via a minimally invasive 
approach. In cardiovascular surgery, the advent 
of robotics made a minimally invasive approach 
to aortic surgery, a technically challenging proce-
dure, more practicable. Key to the success of the 
robotic approach was the development of 
EndoWrist (Intuitive Surgical, Inc., Sunnyvale, 
CA) technology. EndoWrist attachments for da 
Vinci are modeled after the human wrist, which 
allows full range of motion, facilitates hand-eye 
coordination similar to the human brain, and pro-
vides dual-channel (3-dimensional) vision neces-
sary for the more dexterous maneuvers required 
in creating vascular anastomoses  [  14  ] . 

 Animal studies con fi rmed the bene fi ts of the da 
Vinci Surgical System by showing that the time 
required to perform an anastomosis, clamp time, 
and total operative times were reduced  [  14–  16  ] . We 
have had similar animal experience demonstrating 
both ease of dissection and anastomosis. Although 
we did not  fi nd the porcine model ideal, as far as the 
infrarenal aorta was concerned, it provides a good 
perspective on safe tissue handling, ideal placement 
of access ports, safe placement of aortic clamp, as 
well as accuracy and consistency of anastomosis 
con fi guration and timing. Wisselink and colleagues 
pioneered robotic-assisted surgical repair of aortic 
occlusive disease, publishing reports of the  fi rst two 

  Fig. 10.1    Position of aorta 
and depiction of “apron” in 
laparoscopic exposure       
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cases performed in humans and demonstrating fea-
sibility of the operation  [  17  ] . They went on to pub-
lish promising results with respect to the steep 
learning curve of the operation in the initial series 
of 17 patients, demonstrating a 50 % reduction in 
clamp times for the later 9 patients as compared 
with the initial 8  [  18  ] . Stadler and colleagues, the 
group with the largest experience with robot-
assisted laparoscopic aortoiliac procedures, recently 
published results from a series of 150 patients. 
They reported a 97.3 % rate of successful comple-
tion, 2.7 % complication rate, and shortened anas-
tomosis and clamp times (27 and 39 min, 
respectively) as compared to a purely laparoscopic 
approach  [  19  ] . Since this published series, Stadler’s 
group has changed their combined laparoscopic 
dissection followed by robotic anastomosis to per-
forming the entire procedure robotically, including 
the dissection. These results have not yet been com-
pared to their original approach. Several groups in 
Europe have now demonstrated not only the feasi-
bility of robot-assisted aortic reconstruction but 
also safety and shortened anastomosis times  [  17–
  19  ] . Our group has initiated an investigational 
device exemption (IDE) trial through which we 
aim to pave the way for the introduction of robotic 
vascular surgery in the USA. We have developed 
and participated in a training program that begins 
with work on inanimate models, thereafter advanc-
ing to pig models and ultimately cadavers. We have 
shown the effectiveness of this training insofar as 
having a great degree of preparedness for the 
cadaver labs, where we were able to perform aorto-
bifemoral bypasses within 2 h. Inanimate and team 
training are probably the two elements that played 
the greatest role in the training paradigm. With the 
direct involvement and proctoring of Dr. Petr 
Stadler, we plan to perform robot-assisted repair of 
aortoiliac occlusive disease in humans in the USA 
later this year (2010).  

   Current Clinical Evidence 

   Laparoscopy 

 Reviewing the literature and developing a con-
sensus on laparoscopic/robotic approaches to the 

aorta are a challenge due to not only a variety of 
approaches but also very small series. Taking the 
learning curve, as described by Wisselink, into 
consideration, we limited our evaluation of the 
literature to the series which included  ³ 20 cases. 
Outside of this, the criteria for inclusion com-
prised reporting of operative time, clamp time, 
length of stay, mortality, and conversion rates. 
For series reporting duplicate numbers for the 
same author, data from the more recent publica-
tion were retained. Outcomes for TLS, HALS, 
and lap-assisted surgery for the treatment of aor-
toiliac disease and abdominal aortic aneurysms 
are recorded in Tables  10.1  and  10.2 , respectively. 
Operative times for TLS varied widely both 
within groups for aneurismal (180–600 for 
Edoga’s group  [  30  ] ) and occlusive (Di Centa 
et al.  [  26  ]  120–450) disease. In a meta-analysis of 
outcomes for aortoiliac disease, mean operative 
times for occlusive disease were 221 min for TLS 
and 197 min for HALS. Clamp times were also 
reduced in the HALS group (29 min) compared 
with the TLS group (70 min). Similarly, in patients 
with aneurysmal disease, the hand- assisted 
approach had reduced mean operative times 
(TLS = 275 min, HALS = 205 min) and clamp 
times (TLS = 99, HALS = 39). HALS also reduced 
the conversion rates for both aortoiliac and aneu-
rismal disease from 8.9 % (AOID) and 12.6 % 
(AAA) for TLS to 4.4 % (AOID) and 2.2 % 
(AAA) for HALS. Hospital length of stay and 
mortality rates were similar between the two 
groups, in both occlusive and aneurysmal 
disease.    

   Robotic-Assisted Laparoscopic Surgery 

 Operative times for robotic-assisted surgery did 
not differ from those calculated for laparoscopic 
approaches (243 min). Clamp times (46 min) 
were more in line with those reported for HALS, 
suggesting that the improved dexterity of the 
robot allowed for the anastomosis to be sewn in a 
comparable time with conventional open tech-
niques. The mortality, length of stay, and conver-
sion rates were also comparable to those found in 
the laparoscopic group.   
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   Discussion 

 As we move toward more widespread utilization 
of minimally invasive techniques for aortic sur-
gery, it is important to consider the relative 

advantages and drawbacks for conventional 
laparoscopy as compared to robotic surgery as 
techniques are adopted for either strict laparos-
copy, pure robotic, or a combination approach to 
the aorta. Laparoscopy is a well-developed 

   Table 10.1    Total laparoscopic and hand-assisted surgery for occlusive disease   

 Author  Patient no.  Operative time, 
min 

 Clamp time, 
min 

 Length of 
stay, day 

 Mortality, 
no. (%) 

 Conversion 
no. (%) 

  TLS  
 Dion et al.  [  20  ]   51  290 ± 62  99 ±28  5 (4–24)  1 (1.9 %)  5 (10 %) 
 Olinde et al.  [  21  ]   22  267 (198–365)  90 ± 20  4 (2–7)  1 (4.5 %)  2 (9.1 %) 
 Lin et al.  [  22  ]   105  195 (125–250)  45 (25–115)  4 (3–22)  2 (1.9 %)  12 (11.4 %) 
 Rouers et al.  [  23  ]   30  244 ± 11  85 ± 32  5 ± 3  0 (0 %)  6 (20 %) 
 Remy et al.  [  24  ]   21  240 (150–420)  60 (30–120)  7 (5–30)  0 (0 %)  1 (4.8 %) 
 Cau et al.  [  25  ]   72  216 ± 50  57 ± 21  8 (5–42)  0 (0 %)  2 (2.8 %) 
 Fourneau     [  36  ]   50  328 (205–490)  69 (20–173)  5 (3–29)  0 (0 %)  11 (22 %) 
 Di Centa et al.  [  26  ]   145  260 (120–450)  81 (36–190)  7 (2–57)  4 (2.7 %)  5 (3.4 %) 
  Totals   496  221  70  5.6  1.6 %  8.9 % 
  HALS  
 Lin et al.  [  22  ]   87  165 (100–250)  25 (1–40)  6 (4–17)  3(3.4 %)  4 (2.1 %) 
 Wijtenburg  [  37  ]   25  180 (120–290)  37 (15–60)  7 (4–15)  1 (4 %)  2 (8 %) 
 Fourneau et al.  [  27  ]   46  208 (155–300)  28 (15–55)  6 (3–26)  2 (4.3 %)  1 (2.2 %) 
 Klem et al.  [  28  ]   33  281 (NR)  34.2 (NR)  8.83 (NR)  0 (0 %)  NR 
  Totals   191  197  29  7  3.14 %  4.4 % 
  Lap-assisted  
 Alimi et al.  [  29  ]   58  238 (140–420)  54 (15–170)  8 (3–32)  2 (3.4 %)  1(1.7 %) 

   Table 10.2    Total laparoscopic and hand-assisted surgery for AAA   

 Author  Patient no.  Operative time, 
min 

 Clamp time, 
min 

 Length of stay, 
day 

 Mortality, 
no. (%) 

 Conversion 
no. (%) 

  TLS  
 Edoga et al.  [  30  ]   22  391 (180–600)  146 (60–286)  6 (2–25)  2 (9.0 %)  2 (9.1 %) 
 Lin et al.  [  22  ]   131  265 (145–405)  95 (30 = 160)  5 (3–21)  4 (3 %)  23 (17.5 %) 
 Coggia et al.  [  31  ]   30  255 (170–410)  80 (35–110)  9 (5–37)  1 (3.3 %)  1 (3.3 %) 
 Cau  [  24  ]   23  251 ± 57  101 ± 15  6 (4–12)  1 (4.3 %)  0 (0 %) 
  Totals   206  275  99  5.8  3.9 %  12.6 % 
  51  
  HALS  
 Ferrari et al.  [  32  ]   271  228 ± 66  26 ± 6  4.2 ± 1.9  0 (0 %)  0 (0 %) 
 Lin et al.  [  22  ]   215  175 (85–290)  55 (25–130)  7 (5–18)  4 (1.8 %)  11(5.1 %) 
 Totals  486  205  39  5.4  .8 %  2.2 % 
  Lap-assisted  
 Kline et al.  [  11  ]   20  246 ± 55  NR  6 ± 2  0 (0 %)  2 (10 %) 
 Castronuovo et al.  [  33  ]   60  462 (90–690)  112 (43–286)  6 (1–25)  3 (5 %)  3 (5 %) 
 Alimi et al.  [  34  ]   24  238 (155–360)  76 (42–160)  7 (3–21)  1 (4.2 %)  4 (16.6 %) 
  Totals   104  368  101  6.2  (3.8 %)  (8.7 %) 
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technology with a proven track record for suc-
cess. Its availability and affordability are also 
important considerations for its implementation 
in vascular surgery. However, this approach has 
failed to gain widespread acceptance, which is 
likely attributable to the technical challenges 
imposed by the laparoscopic approach (i.e., com-
promised dexterity, limited degrees of motion, 
ampli fi cation of physiologic tremors, and loss of 
3-D visualization). Conversely, robotic surgery 
offers clear advantages from a technical stand-
point, such as excellent maneuverability, dexter-
ity, and elimination of physiologic tremors. The 
data from Stadler’s group clearly demonstrate 
the importance of these technical advantages. 
Clamp times for robotic surgery were less than 
half as long as laparoscopic approaches, with 
comparable times to the HALS anastomosis per-
formed in conventional open fashion within the 
“minilaparotomy” incision (Tables  10.1 ,  10.2 , 
and  10.3 ). Nonetheless, the high initial and ongo-
ing costs for equipment and staff training for a 
new technology with unproven bene fi t and 
known technical hurdles (loss of tactile feedback, 
poor haptic interface) may ultimately prove to 
create insurmountable barriers to the extensive 
utilization of robotic techniques. Furthermore, as 
this is, at least in the USA, not an approved pro-
cedure for the da Vinci robot, support is not given 
for training by Intuitive Surgical. This ultimately 
means that any procedures performed in the USA 
can only be performed under a research protocol 
approved by the Food and Drug Administration 
(FDA) and/or the local institutional review board 
(IRB). Beyond actually doing these procedures 
in a clinical setting, we  fi rmly believe that ade-
quate training is needed, and costs can be 
signi fi cant. We believe that a few pioneers and 
early adopters will push the techniques in the 

USA and pave the way for FDA approval and 
adoption by Intuitive Surgical and other device 
companies, paving the way for training and proc-
toring much like for robotic valve surgery. This 
is likely a few years away but can potentially 
open the door to other minimally invasive tech-
niques to performing vascular surgery, by per-
forming not only other intra-abdominal 
procedures but also performing hybrid opera-
tions (endovascular and surgical approaches).   

   Conclusion 

 Laparoscopic and robotic aortic surgery have 
the potential to provide surgeons with an 
option that maximizes the bene fi ts of both 
endovascular and open vascular aortic recon-
struction. Feasibility of the techniques has 
been well demonstrated, and outcomes in large 
prospective series show promising early and 
midterm results. The steep learning curve 
associated with the laparoscopic approach has 
hindered widespread acceptance, despite evi-
dence showing that pro fi ciency can be gained 
in 25–30 cases and patients do not suffer worse 
outcomes during the learning period  [  36  ] . 
Robotic technology is set to revolutionize car-
diovascular surgery, and robotic surgery of the 
aorta is no exception. Some issues such as lack 
of haptics, tactile feedback, and interface in 
human-robotic interactions remain a signi fi cant 
safety concern and will add another safeguard 
when resolved. It remains to be seen whether 
or not the bene fi t of its usage overcomes its 
cost. To date, no prospective randomized trials 
evaluating ef fi cacy and safety have been 
undertaken, and further research must evalu-
ate cost-effectiveness or a true bene fi t over 
conventional therapy for minimally invasive 
surgery of the aorta to take full root.      

   Table 10.3    Robot-assisted laparoscopic aortic surgery   

 Author  Patient no.  Operative time, 
min 

 Clamp time, 
min 

 Length of stay, 
day 

 Mortality, 
no. (%) 

 Conversion 
no. (%) 

 Kolvenbach et al.  [  35  ]   10  242 ± 42.5  95.9 ± 21.6  7.5 ± 6  NR  2 (20 %) 
 Diks  [  18  ]   17  370 (225–589)  82.7 (25–205)  5.6 (3–57)  1(5.88 %)  3 (17.6 %) 
 Stadler et al.  [  19  ]   150  228 (150–360)  39 (22–120)  5 (4–10)  0  4 (2.7 %) 
  Totals   177  243  46  5.2  N/A  (5.1 %) 
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   Introduction 

 The popliteal artery’s normal diameter ranges 
anywhere from 5 to 9 mm  [  1  ] . Studies have shown 
that differences exist in the arterial diameter 
between men and women. The mean popliteal 
artery diameter in women is 6.0 ± 0.7 mm and 

6.8 ± 0.8 mm in men  [  2  ] . Galen (A.D. 131–200) 
was the  fi rst to de fi ne an aneurysm as “a localized 
pulsatile swelling which disappeared on pressure” 
 [  3  ] . A popliteal artery diameter that is greater than 
15 mm is currently de fi ned as aneurysmal  [  4  ] . A 
multicenter study conducted by Varga et al.  [  5  ]  
which included 200 popliteal arteries revealed a 
mean diameter of 2 cm for asymptomatic aneu-
rysms and a mean of 3 cm for those presenting 
with limb-threatening ischemia. The popliteal 
artery aneurysm (PAA) is reported to be the most 
common peripheral aneurysm and comprises 
70 % of all peripheral aneurysms  [  6–  9  ]  with a 
reported incidence rate ranging from 0.1 to 2.8 % 
 [  8  ] . Overall, the incidence increases from less 
than 0.1 % for the general population to 1 % for 
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  Abstract 
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the age range of 65–80 years of age  [  10  ] . PAAs 
are associated with other arterial aneurysms and 
are bilateral in more than half of the cases  [  5 ,  11 , 
 12  ]  with an estimated 33–64 % experiencing an 
abdominal aortic aneurysm at the same time  [  12 , 
 13  ] . PAAs also affect men signi fi cantly more than 
women. The    majority of PAAs, 95–99 %, occur in 
men and are associated with other comorbidities 
such as ischemic cardiovascular disease, hyper-
tension, diabetes, and smoking  [  5 ,  12 ,  14 ,  15  ] . 

   Anatomy and Etiology 

 The popliteal artery can be divided into three sec-
tions labeled P1 to P3. Segment P1 is positioned 
between the adductor muscle hiatus to the supe-
rior edge of the patella. It then continues as seg-
ment P2 until it reaches the division of the knee 
articulation and becomes segment P3 extending to 
the origin of the crural arteries. The point at which 
the knee bends is positioned between segments P1 
and P2  [  1  ] . The distal part of the popliteal artery 
has been shown through radiological studies to be 
somewhat  fi xed at two points, near the origin of 
the anterior tibial artery and again near the origin 
of the descending genicular artery  [  16–  18  ] . 
Flexion of the knee causes the popliteal artery to 
move dorsally between these two points and cre-
ate  fl exures behind the knee  [  16 ,  17  ] . Previously, 
atherosclerosis was blamed as the underlying 
cause of aneurysm development, but views on this 
matter have evolved. Presently, knee  fl exion is 
believed to contribute to the development of 
popliteal artery aneurysms by causing the supra-
articular popliteal artery to become more tortuous, 
while at the same time, the middle and lower seg-
ments of the artery remain  fi xed, curved, and 
retracted behind the knee joint  [  19 ,  20  ] . Repeated 
knee  fl exion and turbulent blood  fl ow at arterial 
branches, in addition to wall fatigue, are all 
believed to contribute to aneurysm formation  [  7 , 
 21  ] . Such mechanical forces exerted on the 
popliteal artery must be taken into consideration 
when dealing with intervention options. Stents 
placed in close proximity to the knee might be 
exposed to deformation and fracture casting doubt 
on the durability of such stents. 

 Other factors thought to play a role in 
popliteal aneurysm formation involve genetic 
predisposition, fragmented proteins, and immu-
nological causes  [  12  ] . Jacob et al.  [  22  ]  dis-
covered breaks in the elastic lamellae as well 
as histological evidence of active proteolysis. 
Molecules usually associated with apopto-
sis were measured and found to be increased. 
CPP-32, Fas, and Bax levels were all increased 
in the vascular smooth muscle cells. As the 
in fl ammatory process proceeds and mediators 
are released, medial degradation and weakness 
of the vessel wall eventually will lead to dila-
tation  [  12  ]  and lengthening of the artery  [  20  ] . 
Studies have shown this tortuosity to be more 
present in the elderly and persisting even upon 
knee extension  [  17  ] . 

 The popliteal artery appears to become more 
convoluted with age as studies show low-grade 
tortuosity near the adductor hiatus while the 
knee is  fl exed in patients younger than 30 years 
old and becoming more extensive as it moves 
distal to the adductor hiatus to the popliteal fossa 
in those older than 45 years of age  [  17 ,  23  ] .   

   Popliteal Artery Aneurysms 

 Popliteal artery aneurysm is a clinically important 
condition and warrants serious treatment consid-
eration upon its discovery. It was described as a 
“sinister harbinger of sudden catastrophe” in 1953 
 [  24 ,  25  ]  with the “sudden catastrophe” referring to 
the possibility of thrombosis, embolization, rup-
ture, and eventually an acutely ischemic limb with 
potential limb loss  [  3 ,  8  ] . Patients can present with 
compression of the tibial nerve  [  7 ,  21  ] , causing 
neuropathy or compression of the popliteal vein 
resulting in limb edema, pain, or even deep venous 
thrombosis (DVT)  [  7  ] . Compressive symptoms 
usually have a vague onset, progress in severity, 
and are common in patients with previously diag-
nosed peripheral vascular occlusive disease. 
Symptoms of acute limb ischemia include “blue 
toe syndrome” that results from the repetitive 
embolization to the distal arteries. Blue toe syn-
drome is experienced by 4–12 % of patients with 
PAA  [  26 ,  27  ] . Patients that present with acute limb 
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ischemia from thrombosis or embolism tend to 
have poorer outcomes due to runoff vessel occlu-
sion resulting in an amputation rate of 15–30 % 
 [  8 ,  21  ] . Acute limb ischemia resulting from throm-
bosis or embolism comprises approximately 40 % 
of PAA diagnoses  [  8  ] . 

   History of Treatment 

 Popliteal artery aneurysms were  fi rst docu-
mented over 4,000 years ago. The characteristics 
and treatment of PAAs were  fi rst described in 
2000 B.C. in the Ebers Papyrus  [  28  ] . Treatment 
for popliteal artery aneurysms mainly consisted 
of inducing thrombosis until the twentieth cen-
tury. Many different contraptions were created 
to  fl ex the patient’s leg for days until thrombo-
sis was induced  [  3  ] . A Greek physician in the 
second century A.D., Antyllus, was the  fi rst 
to document and perform surgery by proximal 
and distal artery ligation and then evacuation 
of the aneurysm. Antyllus was known to have 
performed such surgeries on a variety of aneu-
rysms caused by spear injuries; however, the 
speci fi c vessels are not speci fi ed. (Was this for 
a popliteal aneurysm?)  [  29  ]  John Hunter per-
formed a proximal ligation in December 1785 
for a PAA, and in 1888, Rudolph Matas, from 
New Orleans, executed a proximal and distal 
ligation of a brachial artery aneurysm. He then 
unsuccessfully attempted to remove the aneurys-
mal sac and eventually excluded it by suturing in 
layers from inside out. His procedure was aptly 
named an obliterative endoaneurysmorrhaphy. 
He later described two variants of this surgery 
named restorative and reconstructive endoaneu-
rysmorrhaphy where clots were removed and the 
blood  fl ow through the sac was closed off from 
the native artery or the blood  fl ow was main-
tained by placing a stent over which the arteries 
were sewn in the proximal and distal communi-
cating arteries, respectfully. The stent was then 
removed before the anastomosis was completed 
 [  3  ] . In 1969, PAA repair performed by Edwards 
utilized the saphenous vein as a bypass graft 
after arterial exclusion  [  30  ]  paving the way for 
present-day treatment modalities.   

   Endovascular Versus Open Surgery 

 Open surgery continues to be the gold standard of 
treatment of PAA with secondary patency of 
70 % and limb salvage rates greater than 85 % 
over a 5-year period  [  8  ] . Open surgical repair has 
been performed far longer than endovascular 
treatment with a large supporting body of evi-
dence. Many different approaches and surgical 
techniques are employed in the treatment of PAA 
depending on the surgeons’ preferences  [  31–  33  ] . 
Surgical treatment of PAA does have drawbacks 
such as wound infection, graft thrombosis, longer 
operative and recovery times, large scars, and the 
utilization of the saphenous vein (thereby limit-
ing graft options for cardiac bypass surgery). 

 Interest in endovascular treatment has grown 
signi fi cantly. Although there are a limited num-
ber of prospective trials which examine endovas-
cular stent graft placement  [  34–  39  ] , a plethora of 
retrospective trials have been published  [  8 ,  40  ]  as 
well as meta-analyses of the small cohort studies 
 [  12 ,  21 ,  41–  43  ] . Some studies reported accept-
able patency rates for endovascular stent graft 
placement  [  8 ,  12 ,  34–  37 ,  39 ,  40 ,  44  ] , while others 
found patency rates as good as  [  2 ,  19 ,  38 ,  41 ,  43  ]  
or inferior  [  7  ]  to the gold standard of open sur-
gery. Lovegrove et al.  [  41  ]  performed a meta-
analysis of studies comparing endovascular 
surgery with open surgery and found that overall 
the midterm results were comparable with open 
repair, but early graft thrombosis and reinterven-
tion rates were signi fi cantly higher for endovas-
cular repair in comparison to open surgery. The 
meta-analysis showed that midterm patency rates 
for open surgery were 1.70 times greater than for 
endovascular surgery. Henke  [  7  ]  reviewed multi-
ple studies and reported a cumulative 5-year pat-
ency rate ranging from 47 to 74 % for endovascular 
stent grafts. Other researchers followed stent 
graft patients for approximately 36 months and 
reported initial primary patency rates of 92.9 % 
which gradually decreased to 74.5 % at the end of 
follow-up period. Nevertheless, these rates were 
considered to be comparable to open surgery 
 [  38  ] . A randomized prospective trial conducted 
in Italy directly compared 15 open procedure 
patients with 15 patients treated endovascularly 
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 [  19  ] . The follow-up period for open procedure 
patients was 46.1 months and 45.9 months in the 
endovascular group. At 12 months, the primary 
patency rate for the open procedure was 100 and 
86.7 % for the endovascular procedure. The 
results between the two groups were comparable. 
The majority of studies comparing open and 
endovascular techniques for PAA repair involved 
small subject numbers, were mostly single-center 
studies, and had short follow-up periods. Larger, 
randomized, prospective studies need to be per-
formed in order to concretely settle the dispute 
between these two treatment modalities. 

   Radiologic Evaluation 

 Planning for endovascular aneurysm repair starts 
at the time of diagnosis. Duplex scan of the 
popliteal artery is usually the initial diagnostic 
modality. It can be used to establish the size of 
the aneurysm, the adjacent arterial segment sta-
tus, contents of the aneurysm, and calci fi cation in 
the wall of the aneurysm (Fig.  11.1 ). Further 
evaluation may include CT scan of the popliteal 
arteries (Fig.  11.2 ), magnetic resonance angiog-
raphy (MRA), and angiographic evaluation by 
digital subtraction. Both CT scans and digital 

subtraction angiography might be misleading in 
the presence of intraluminal thrombus leading to 
underestimation of the diameter of the arterial 
segments adjacent to the aneurysm. Reconstituted 
3-D CT images might be of great help to de fi ne 
the extent of the aneurysmal disease in the adja-
cent arteries (Fig.  11.3 ).      

  Fig. 11.1    Ultrasound showing PAA with thrombi within 
lumen       

  Fig. 11.2    Popliteal aneurysm, both saggital and transverse sections       
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   Endovascular Surgery 

   Stent Graft Types 

 The standard treatment of popliteal artery aneu-
rysm continues to be open popliteal endoaneurys-
morrhaphy with proximal and distal ligation of the 
aneurysm followed by bypass grafting or the use 
of interposition grafting  [  45  ] . More recently, how-
ever, there has been increasing interest in endovas-
cular repair of PAAs with stent graft placement. 
In 1994, the  fi rst reported endovascular treatment 
of a popliteal aneurysm was performed by Marin 
et al. using a combination of Palmaz stents with 
a polytetra fl uoroethylene graft establishing the 
feasibility of an endovascular approach  [  46  ] . The 
patient, a 63-year-old man with “advanced heart 
disease,” was followed for 3 months with duplex 
ultrasound. During the follow-up period, the graft 
remained patent with no indication of any distal 
emboli. Since that time, interest in endovascular 
surgery has increased with the realization that 
an alternative treatment to open surgical bypass 
does exist  [  12  ] . Different types of stent grafts 
have been used in endovascular surgery, such as 
the Passager stent (Boston Scienti fi c, Waterdown, 
MA, USA) or the AneuRx stent (Medtronic, Inc., 
Minneapolis, MN, USA) described by Mohan 

et al.  [  38  ] ;  however, the researchers noted the 
stiffness of these stent grafts made them less suit-
able for use in the popliteal artery. More recently, 
 fl exible stent designs have become more popular 
such as the Hemobahn and Viabahn stent grafts 
(W.L. Gore and Associates, Inc., Flagstaff, AZ, 
USA). These stents offer radial stiffness while 
at the same time maintaining  fl exibility  [  1  ] . The 
stents are self-expanding nitinol stents with an 
internal covering of ePTFE. The Hemobahn stent 
graft differs from the Viabahn stent graft in that it 
unfolds from a rolled position, while the Viabahn, 
an updated version of the Hemobahn stent graft 
 [  1  ] , is packed with many concentric folds  [  38  ] . The 
rolled con fi guration of the Hemobahn stent graft 
poses a potential problem if the stent does not open 
fully in the artery and may go undetected by bal-
loon dilatation  [  38  ] . The Gore Viabahn graft (W.L. 
Gore & Associates, Flagstaff, AZ) is now available 
with heparin covalently bound to the inner graft 
surface (Propaten Bioactive Surface Technology) 
 [  39  ] . The newer Viabahn stent grafts are available 
in a longer version (25 cm) and a smaller pro fi le.  

   Advantages and Disadvantages 
of Endovascular Repair 

 As is the case with any medical procedure, endo-
vascular stent graft placement has several poten-
tial advantages and disadvantages. Endovascular 
procedures take less time to perform, with less 
morbidity compared to an open approach. 
Endovascular repair may be a better option for 
those patients that are considered to be high sur-
gical risk  [  26  ] . The surgery can be done without 
general anesthesia, through a small incision 
resulting in less blood loss, quicker recovery, and 
less potential for complications  [  12 ,  21  ] . 
Furthermore, the endovascular approach spares 
the saphenous vein or other autologous veins for 
cardiac or other bypass surgeries the patient may 
need in the future  [  12  ] . On the other hand, the 
procedure is not without disadvantages. One 
major concern associated with stent graft place-
ment is early, midterm, and long-term patency. 
Some groups reported patency rates that were 
comparable with open surgery  [  1 ,  34 ,  37 ,  43  ] . In 

  Fig. 11.3    3-D CT scan of popliteal artery segments       
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contrast, other groups suggested lower patency 
rates following stent graft placement  [  12 ,  35 ,  41  ] . 
The only cohort prospective study of endovascu-
lar grafts was performed by Tielliu and colleagues 
 [  35  ]  in which 57 aneurysms were treated with 
Hemobahn and Viabahn stent grafts and were fol-
lowed up for 24 months. Primary and secondary 
patency rates were 80 and 90 % at 1 year and 77 
and 87 % at 2 years. It has been suggested that 
thrombosis occurs due to the repetitive stress on 
the device from constant bending  [  35 ,  47  ]  as well 
as the development of kinks and stent fractures in 
the overlap zones when more than one stents 
were used  [  8 ,  35 ,  48  ] . Stent fractures were found 
to be more prevalent in younger patients but did 
not seem to affect patency in a signi fi cant way 
 [  48  ] . Other disadvantages include stent graft 
migration, component disconnection when sev-
eral stent grafts were used, continued endoleak, 
and infection of the incision site  [  12  ] . Despite the 
aforementioned disadvantages of stent place-
ment, better candidate selection for endovascular 
treatment could help to decrease complications 
and improve long-term patency rates.  

   Patient Selection 

 The anatomy of the popliteal artery and the aneu-
rysmal segment help in the determination of 
whether endovascular surgery would be of bene fi t 
to the patient versus the traditional open surgery 
 [  12 ,  45  ] . The feasibility of endovascular repair is 
dependent upon a number of factors such as 
length of landing zones, distal runoff vessels, and 
angulations in addition to the presence of endo-
vascular capabilities to safely do the procedure. 

 Current criteria include a symptomatic PAA 
or asymptomatic aneurysm greater than 2 cm in 
size, at least two patent runoff vessels, and appro-
priate proximal and distal landing zones for stent 
placement  [  12  ] . Midy et al.  [  8  ]  recommend the 
proximal artery diameter to measure less than 
12 mm with a distal neck of more than 5 mm in 
diameter and an aneurysmal sac with low-grade 
thrombosis. Others suggest a 3 cm length of 
proximal and distal landing zones in order to 

minimize the possibilities of endoleak and stent 
migration  [  35  ] . Success of endovascular PAA 
repair also involves proper treatment postopera-
tively with dual antiplatelet therapy  [  8  ] . Exclusion 
criteria for endovascular repair include a tortuous 
PAA  [  8  ] , aneurysmal disease distal to the anterior 
tibial artery  [  12  ] , and presentation with acute 
limb ischemia  [  42  ] .  

   Deciding When to Treat 

 Gray areas still exist not only in the type of repair 
a patient must undergo but whether or not to even 
treat an aneurysm. Most agree that asymptomatic 
aneurysms require treatment once their diameter 
reaches 2 cm or if a signi fi cant mural thrombus is 
present as it could lead to acute limb ischemia 
with a high rate of limb loss (up to 20 %)  [  49 , 
 50  ] , increased mortality, and overall inferior 
results  [  14 ,  20 ,  26 ,  51–  53  ] . Others suggest treat-
ment in aneurysms with diameters ranging from 
1.8 to 2 cm  [  26  ] . Etazadi et al.  [  40  ]  recommended 
treatment with prophylactic anticoagulant ther-
apy in those with asymptomatic aneurysms and 
no intervention. Lowell and colleagues  [  53  ]  
found that 18 % of their patients eventually 
became symptomatic when treated conservatively 
and found an association between aneurysmal 
size greater than 2 cm, mural thrombus, and poor 
distal runoff  [  20,    53  ] . (The researchers did not 
specify what conservative treatment entailed 
other than stating these patients were not surgi-
cally treated initially). 

 In a review to determine the applicability of 
endovascular repair of PAA, Zimmerman et al.  [  2  ]  
found that 59.4 % of all surgically repaired popliteal 
aneurysms were eligible for endovascular approach; 
in addition, 5.4 % of the cases were potentially eli-
gible. In their study, they included all cases that 
had suf fi cient radiological images to determine eli-
gibility. Criteria used to determine eligibility 
included suf fi cient proximal and distal landing 
zones of at least 2 cm, patency of the femoral ves-
sels, and patency of at least one of the crural arter-
ies. Choosing a 1–1.5-cm landing zone proximally 
and distally has been described by other authors. 
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This is expected to increase eligibility of endovas-
cular approach in patients with PAA  [  2  ] . 

 Durability of endovascular therapy for PAA is 
yet to be determined in long-term follow-up stud-
ies. Forces exerted on the femoropopliteal seg-
ments might compromise the long-term results. 
Repetitive stress forces of torsion, elongation, 
 fl exion-extension, and compression at the knee 
joint have been reported as a cause of stent frac-
ture in the femoropopliteal segment. Although 
these reports were pertaining to occlusive disease 
with bare stents, similar effects are likely in cov-
ered stents used for PAA exclusion  [  54  ]  as well.   

   Endovascular Popliteal Aneurysm 
Technique 

 In our patients, we use the Viabahn device which 
became available in 2003. It is made of a nitinol 
stent with ultrathin PTFE graft. The nitinol stent 
part is reported to improve resistance of the 
Viabahn device to fracture, but this is yet to be 
proven in long-term studies. The Viabahn device 
is available in many sizes (5–13 mm diameter) 
and lengths (25, 50, 100, 150, 250 mm) and can 
be deployed on a 0.035-in. wire. It deploys from 
tip to hub like many other nitinol stents. The 
deployment method is simple and consists of 
unsheathing the device by pulling on a string 
attached to the side of the delivery system once 
the device has been placed in the arterial segment 
to be excluded. Accuracy of deployment is cru-
cial to proper exclusion of the PAA. With proper 
technique, it is unlikely to have signi fi cant dis-
placement, or jumping of the graft. Other endo-
prostheses have been used in the endovascular 
treatment of PAA such as homemade covered 
stents, covered stents designed for abdominal 
aortic aneurysm, and an older version of the 
Viabahn with similar design called Hemobahn 
endoprosthesis. All such stent grafts are made of 
ePTFE with a nitinol skeleton. Other stents used 
include the Wallgraft (Boston Scienti fi c/
Meditech, Newton, MA), the Fluency stent graft 
(Bard Peripheral Vascular, Inc., Tempe, AZ), and 
a new endovascular stent made of polyester 

externally supported by separate nitinol rings 
(Anaconda limbs) (Vascutek, Renfrewshire, 
Scotland)  [  36 ,  37 ,  55  ] . In spite of claims of supe-
riority, none of these endoprostheses were tested 
against other brands to prove such claims. 

 All procedures are done in the operating room 
in case a combined procedure will be needed. In 
addition, because of the large sheath size, we pre-
fer to have an open access to a proximal artery in 
the ipsilateral leg. In patients with PAA, the ipsi-
lateral super fi cial femoral artery is usually large in 
size and is thus chosen as the access site. 
Percutaneous access to the SFA or common femo-
ral artery can be used in an antegrade fashion. In 
such case, closure of the access site should be the 
goal to avoid manual compression on the access 
site which theoretically carries the risk of throm-
bosis of the implanted graft. Procedures are done 
using local anesthesia and sedation with the patient 
in supine position. In open access cases, an 8-F 
sheath is inserted followed by an angiogram of the 
ipsilateral leg to evaluate the anatomy around the 
aneurysm. An adherent radiopaque measuring 
tape is placed on the leg to help plan the procedure 
for the diameter evaluation and for stent length. 

 In case of percutaneous access, all steps of 
planning and anatomical evaluation are done 
using a 5-F sheath. Once a decision is taken to 
proceed with the endovascular repair, the 5-F 
sheath is exchanged for an 8-F sheath. Part of the 
surgical evaluation should include the presence 
of large branches that might cause ischemia of 
the leg if covered or might continue to feed the 
excluded sac of the PAA. In the former situation, 
the endovascular procedure might not be a good 
option for the patient who should be treated by an 
open surgical approach, while in the latter situa-
tion, coil embolization of large branches should 
be considered before stent deployment. 

 For accurate evaluation of the surgical site, an 
intravascular ultrasound (IVUS) is used to evalu-
ate the adjacent arterial segments. This is neces-
sary to decide on the proper stent graft diameter 
and length. The IVUS will provide direct and 
accurate measurements of landing zone diame-
ters, presence of thrombi, and calci fi cation in the 
wall of the artery that might interfere with stent 
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deployment. Accurate mapping of the sizes of the 
arterial segments at the  fl uoroscopic monitor 
screen should be done with an erasable marker. 
The anticipated areas of landing should be marked 
on the screen. This mapping step should be per-
formed over a stiff wire to avoid any change in 
con fi guration when the stent delivery system is 
inserted, to eliminate redundancy in the wire for 
proper planning and stent delivery, and to avoid 
“wire jumping” when moving objects over the 
wire, thereby improving trackability over the 
wire. The distal end of the stiff wire should be 
parked in one of the tibial arties with the other 
end marked on the table to avoid migration of the 
wire tip distally and potentially injuring the host-
ing artery. We prefer a long wire (260 cm) to 
allow safe exchange of the devices with long 
delivery systems or shafts. 

 The next step will be to evaluate the length of 
the stent to be used. A catheter with markers is 
placed intra-arterially at the surgical site over 
the stiff wire. The length of the segment to be 
stented is determined, while both the catheter 
and stiff wire are in place. If a longer stent than 
the available stents is required, a decision should 
be made on the number of stents to be used, tak-
ing into consideration the requirement of a min-
imal 2-cm (Fig.  11.4 ) overlap between the stents. 
The most distal stent is deployed  fi rst to be fol-
lowed by the more proximal stents. Once 
deployed, the position of the stent ends in rela-
tionship to the marked screen should be noted. 
A balloon of suitable size is in fl ated at the land-
ing zone-stent transition areas and overlap areas. 
A completion angiogram is performed to evalu-
ate for any leak around the endoprosthesis (type 
II) or into the sac from the transition zones (type 
I). One should note any folding of the endopros-
thesis based on the radiological images and the 
completion IVUS. In case of an endoleak (type 
I), a noncompliant balloon, sized for the landing 
zone diameter, is in fl ated to correct the problem. 
In case it fails, stents should be extended to 
healthier zones.  

 A successful endovascular procedure should 
exclude the PAA sac, maintain blood  fl ow to the 
crural arteries, and avoid any folding of the 
prosthesis. 

 The procedure should be done under full anti-
coagulation. All patients should be started on 
clopidogrel at least 48 h before the procedure. In 
those patients who were not taking clopidogrel, a 
loading dose of 300 mg should be given at the 
time of the procedure. Clopidogrel is continued 
for a minimum period of 3 months. After that, the 
patient should continue on lifelong aspirin. Dual 
antiplatelet therapy with aspirin and clopidogrel 
is given to patients with signi fi cant arterial dis-
ease or if the cardiac condition warrants that. 

 Both oversizing and undersizing of the Viabahn 
graft is likely to cause suboptimal results. With 
oversizing, infolding of the graft will occur causing 
both endoleak and an occlusive effect within the 
arterial segment. This can be partially corrected by 
balloon angioplasty or by deploying another stent 
graft to cover the transition zone from the stent 
graft to the adjacent arterial segment. However, 
selection of the proper stent graft size is the best 
assurance of avoiding such a problem. 

 Undersizing might result in a “ fl oating” stent 
graft within the arterial segment causing incom-
plete exclusion of the PAA. This can be resolved 
by adding another Viabahn stent graft of larger 
size with at least 2-cm overlap with the  fi rst one. 

  Fig. 11.4    Overlapping stents ( arrows ) in a popliteal artery 
aneurysm       
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We usually choose a stent graft diameter of 
approximately 10 % (approximately 1 mm) larger 
than the diameter of the landing zone. In the event 
of a discrepancy between both distal and proxi-
mal landing zones, two stent devices are used 
with at least 2-cm overlap between the stents. 
The most distal stent graft is deployed  fi rst fol-
lowed by the proximal one.  

   Follow-Up 

 After endovascular repair, all patients should be 
followed up by looking for endovascular leak, 
stent fracture, and stenosis within and around the 
graft. This is achieved by duplex ultrasound, CT 
scan, and plain X-ray  fi lms. Follow-up should be 
done at 1, 3, 6, and 12 months and yearly after the 
procedure.  

   Conclusion 

 Popliteal artery aneurysms have been docu-
mented for centuries. Until the last two 
decades, the only surgical option for treatment 
involved open surgery. Even though open sur-
gery remains the gold standard for therapy, the 
development of endovascular techniques has 
opened a new and exciting chapter in vascular 
surgery. It offers an alternative to those who 
are medically unable or unwilling to undergo 
the traditional open procedure. However, 
many unanswered questions remain, and more 
studies need to be done. Larger, prospective 
cohort studies need to evaluate these two pro-
cedures side by side for a longer period of 
follow-up. With more time and experience, 
newer stents can be produced. Researchers 
have already indicated the need for more 
 fl exible stents which are able to  fl ex from 
within the vessel  [  12  ]  without kinking or frac-
turing. Newer stents need also to address the 
size discrepancy between the proximal and 
distal landing zones perhaps by producing a 
tapered stent graft  [  40  ] . Newer stents such as 
the Fluency Plus stent graft are addressing 
some of the downfalls of the current stents 
being used such as improving the stent track-
ability to the target lesion site  [  1  ] .      
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   Introduction 

 The current management of carotid occlusive 
disease continues to evolve. While carotid endar-
terectomy (CEA),  fi rst introduced in the 1950s, 
was established as the gold standard for treat-
ment of carotid stenosis  [  1–  7  ] , carotid angio-
plasty and stenting (CAS) is currently often used 
as a minimally invasive alternative. Several trials 
have aimed to determine the safety and ef fi cacy 

of CAS and the indications for its use. Although 
CAS has proved feasible and relatively safe, the 
appropriate clinical setting for its preferential use 
over CEA continues to be re fi ned and remains 
the subject of ongoing clinical trials. The pur-
pose of this chapter is to review the literature and 
recent trials of CAS and to attempt to elucidate 
its proper role and indications in the therapeutic 
management of extracranial carotid artery occlu-
sive disease.  

   Historical Overview 

 Percutaneous balloon angioplasty of the carotid 
artery was  fi rst described in the late 1970s as a 
proposed intervention for carotid artery stenosis 
 [  8  ] . It was initially promoted as a potentially safer 
alternative to CEA in medically high-risk patients 
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and those with hostile neck anatomy. Early trials 
involving carotid angioplasty demonstrated fea-
sibility of the technique but were not widely 
accepted because of small study size, relatively 
high complication rates, and random use of stent-
ing, to name a few. Enthusiasm was further cur-
tailed by the concern for embolic complications 
associated with the procedure. Gradually, how-
ever, CAS evolved to its current form with 
improvements in equipment and technique, 
increased operator experience, and the standard 
use of stenting and cerebral protection.  

   Cerebral Protection 

 The use of embolic protection devices (EPDs) for 
cerebral protection became standard practice in 
CAS trials after several articles suggested decreased 
risk of embolic complications with their use. These 
devices are based on three different approaches: 
distal  fi lter placement, distal balloon occlusion, 
and proximal protection with  fl ow reversal. 

 Filters are the most commonly used EPD and 
are positioned in the internal carotid artery distal 
to the target lesion. Antegrade cerebral  fl ow is 
maintained through the  fi lter during CAS. The 
embolic debris dislodged during the procedure 
are captured within the  fi lter, which is then subse-
quently removed with retraction of the device. 
The  fi lters typically retain fragments larger than 
their pore size, approximately 100  m m, but do 
allow passage of smaller particles. Filters are 
advantageous because they allow continued cere-
bral perfusion, particularly in patients who have 
inadequate collateral circulation to permit tempo-
rary carotid occlusion. Currently, several  fi lters 
are FDA approved for use in the United States 
and include Accunet (Abbott Laboratories), 
Emboshield (Abbot Laboratories), FilterWire EZ 
(Boston Scienti fi c Corporation), SpiderFx (ev3), 
and Angioguard XP (Cordis – Johnson & 
Johnson)  [  9–  12  ] . 

 In addition to  fi lters, distal balloon occlusion 
can be used for embolic protection. The 
PercuSurge occlusion balloon (Medtronic)  [  13  ]  
is a component of an angiographic wire that is 
passed through the stenotic area and in fl ated in 
the distal internal carotid artery. After the CAS 

procedure, the standing column of blood contain-
ing particulate matter is aspirated. The balloon is 
then de fl ated and  fl ow is restored to the cerebral 
circulation. Compared with  fi lters, distal occlu-
sion balloons have a lower device-crossing 
pro fi le, but are disadvantageous in that they 
require temporary interruption of cerebral perfu-
sion while the in fl ated balloon captures embolic 
debris. It was reported in one study that up to 
23 % of patients had temporary neurologic intol-
erance to balloon occlusion, with a signi fi cant 
number of these patients exhibiting symptoms 
immediately after initial balloon in fl ation. Of 
note, however, is that all neurologic de fi cits were 
completely reversible with restoration of ante-
grade  fl ow and did not recur with balloon 
rein fl ation  [  14  ] . 

 Unlike both distal  fi lters and balloons, proxi-
mal protection devices with  fl ow reversal, such as 
the MO.MA device (Invatec)  [  15  ]  and the Parodi 
Anti-Embolism System (Gore)  [  16  ] , are bene fi cial 
because they do not require crossing of the steno-
sis. Such devices have only been recently tested 
and provide protection by occluding the common 
and external carotid arteries, after which collat-
eral  fl ow through the circle of Willis creates a 
back pressure that prevents antegrade  fl ow into 
the internal carotid artery. 

 Despite the fact that EPDs likely provide 
additional cerebral protection, there is still a risk 
of stroke associated with CAS secondary to par-
ticle embolization from the aortic arch. In addi-
tion, EPDs have inherent risks and complications 
of their own, such as inability to cross the target 
lesion, failure to capture emboli through  fi lter 
pores, and vasospasm or injury to the vessel 
wall  [  17  ] . In addition, it is still debatable whether 
the routine use of EPDs is required at all. A 
recent single-center randomized study found no 
demonstrable reduction of microemboli, as 
detected by diffusion-weighted MRI, as might 
be expected with  fi lter use  [  18  ] . Nevertheless, 
there are no large-randomized trials to date that 
compare CAS with and without EPDs, and most 
data rely on historical comparison of results 
before widespread EPD usage. Nevertheless, 
EPD use has become standard and is currently 
mandated by the Centers for Medicare and 
Medicaid Services.  
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   Carotid Artery Stenting Registry Trials 

 Initial CAS trial data was derived from industry-
sponsored registry trials. Registry trials are non-
randomized outcome trials evaluating the safety 
and ef fi cacy of speci fi c stents and EPDs, and most 
were performed in a predominantly asymptomatic 
population of patients who are all considered to 
be at high risk for conventional CEA (Fig.  12.1 ). 
Most registries are conducted to acquire initial 
device approval or as part of a required post-
approval evaluation in a larger group of patients. 
Technical success was achieved in 97 % of patients 
in most studies. The combined incidence at 
30 days of myocardial infarction, stroke, or death 
varied between 2.1 and 8.3 %, and stroke rate at 
30 days ranged from 1.6 to 6.9 %  [  19–  32  ] .   

   Carotid Artery Stenting Randomized 
Trials 

 To date, several randomized controlled trials have 
been completed, and four other trials were all ter-
minated before study completion  [  33–  40  ] . 

 The Carotid and Vertebral Artery Transluminal 
Angioplasty Study (CAVATAS) was designed to 
compare balloon angioplasty alone without 
embolic protection to CEA in symptomatic 
patients. Stents were incorporated once they 
became available but were used in only 26 % of 
patients in the endovascular arm. For the 504 
patients enrolled, there was no signi fi cant differ-
ence found in the composite stroke or death rate 
at 30 days (10.0 % endovascular group vs. 9.9 % 
CEA group) or at 3 years (14.3 % endovascular 
group vs. 14.2 % CEA group)  [  33  ] . However, this 
study was criticized for a number of reasons. To 
name a few, the lack of embolic protection and 
26 % stent usage are in contrast to current stan-
dard practice, and the substantially higher stroke 
rate of 9.9 % in the CEA arm makes comparison 
with other reports dif fi cult. 

 The Wall stent trial followed; it was the  fi rst 
multicenter randomized trial designed to com-
pare CAS and CEA equivalence but was stopped 
early after interim analysis revealed worse out-
comes in the CAS arm with combined risk of 
stroke or death at 30 days of 12.1 % in the CAS 
group versus 4.5 % in the CEA group  [  38  ] . More 

  Fig. 12.1    CAS performed in the setting of restenosis post CEA       
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encouraging were the results of the Kentucky tri-
als, the  fi rst of which was published in 2001 and 
involved symptomatic patients, and the second of 
which was published in 2004 and involved 
asymptomatic patients  [  34,   35  ] . Extremely low-
complication rates were observed in both arms, 
and the results of both trials suggested equiva-
lence of CAS to CEA, but enthusiasm was appro-
priately guarded because these were small, single 
institution studies carried out by a highly select 
experienced team. 

 The Stenting and Angioplasty with Protection 
in Patients at High Risk for Endarterectomy 
(SAPPHIRE) trial demonstrated great promise 
for CAS. It was the  fi rst randomized trial to use 
mandatory distal embolic protection, and it was 
designed to demonstrate non-inferiority of CAS 
in a group of patients who were at high risk for 
conventional endarterectomy, and who turned out 
to be largely asymptomatic. The 30-day com-
bined periprocedural adverse event rates were 
4.8 % for CAS patients and 9.8 % for CEA 
patients. At 1 year, the combined major adverse 
event rates were 12.2 % for CAS patients and 
20.1 % for CEA patients for non-inferiority anal-
ysis  [  36  ] . These data suggested non-inferiority of 
CAS for high-risk, largely asymptomatic patients. 
This trial, however, suffered from several biases 
in its design, investigator con fl ict of interest, and 
endpoints, which limited its generalizability. 

 Two multicenter randomized symptomatic 
European trials followed and included the Stent-
Protected Angioplasty versus Carotid 
Endarterectomy (SPACE) and Endarterectomy 
Versus Stenting in Patients with Symptomatic 
Severe Carotid Stenosis (EVA-3S) trials. Both 
sought to establish non-inferiority in standard 
risk, symptomatic patients  [  39,   40  ] . 

 The initial aim of the SPACE trial was to enroll 
950 patients per group to achieve a power of 
80 %. The  fi nal analysis, however, comprised 
1,183 patients and reported a primary event rate 
of 6.84 % in the CAS group versus 6.34 % in the 
CEA group  [  39  ] . SPACE CAS patients were 
treated variably with embolic protection, but 
there were no signi fi cant differences found 
between those who were treated with and with-
out. In addition, in most endpoints, there seemed 

to be a favorable trend toward the surgical arm, 
although none were statistically signi fi cant. After 
this interim analysis, the steering committee 
decided to terminate the study on the basis of 
both futility and  fi nancial constraints because it 
was revealed that 2,500 patients would be needed 
to adequately power the study to achieve trial 
endpoints. SPACE therefore failed to prove non-
inferiority of CAS compared with CEA, and the 
authors concluded that CEA should remain the 
preferred treatment for patients with symptom-
atic stenosis. Subsequent subgroup analysis from 
SPACE revealed that this was particularly true for 
older patients, in whom CAS was associated with 
a worse outcome  [  41  ] . 

 Similarly, the EVA-3S trial also failed to dem-
onstrate non-inferiority of CAS in symptomatic 
patients. A variety of different stents were used at 
different centers, and cerebral protection was ini-
tially not required until the safety committee 
instituted a protocol change as a result of a 25 % 
30-day rate of stroke or death in patients treated 
without EPDs  [  42  ] . The study randomized 
527 patients and was subsequently ended prema-
turely for safety reasons after interim analysis 
revealed a signi fi cantly higher 30-day event rate 
in the CAS group (9.6 %) compared with the CEA 
group (3.9 %;  p  = 0.01). These results persisted at 
6 months, with an event rate of 11.7 % in the CAS 
arm versus 6.1 % in the CEA group ( p  = 0.02) 
 [  40  ] . The EVA-3S results have been widely criti-
cized for several reasons, namely, a signi fi cantly 
higher 30-day stroke rate observed in the CAS 
arm of the study as compared with other recently 
published results, namely, from the SAPPHIRE 
trial, and low operator experience in the CAS arm. 
Despite these claims, however, subgroup analysis 
failed to show any statistically signi fi cant differ-
ence between operators based on level of experi-
ence. The conclusion from the EVA-3S authors 
essentially supported the notion that CEA remains 
an excellent option for symptomatic carotid steno-
sis with low complication rates that are currently 
not outperformed by CAS. 

 The interim results of the ICSS trial were also 
recently released, comparing CEA to CAS in 
symptomatic patients with internal carotid steno-
sis  [  43  ] . The trial randomized 1,713 patients. The 
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incidence of stroke, death, or procedural myocar-
dial infarction was 8.5 % in the stenting group 
compared with 5.2 % in the endarterectomy 
group. Interestingly, the risks of any stroke and 
all-cause death were higher in the stenting group 
than in the endarterectomy group. Three proce-
dural myocardial infarctions were recorded in the 
stenting group, all of which were fatal, compared 
with four, all nonfatal, in the endarterectomy 
group. Expectedly, there was one event of cranial 
nerve palsy in the stenting group compared with 
45 in the endarterectomy group. There were also 
fewer hematomas of any severity in the stenting 
group than in the endarterectomy group. 

 The ICSS trial also evaluated the primary end-
point of the presence of at least one new ischemic 
brain lesion on diffusion-weighted imaging 
(DWI) on the posttreatment scan  [  44  ] . A total of 
231 patients had MRI before and after treatment. 
Sixty-two (50 %) of 124 patients in the stenting 
group and 18 (17 %) of 107 patients in the endar-
terectomy group had at least one new DWI lesion 
detected on posttreatment scans done a median of 
1 day after treatment (adjusted odds ratio [OR] 
5.21;  p  < 0.0001). At 1 month, there were also 
changes on  fl uid-attenuated inversion recovery 
sequences in 28 (33 %) of 86 patients in the stent-
ing group and six (8 %) of 75 in the endarterec-
tomy group (adjusted OR 5.93;  p  = 0.0003). 
Moreover, the use of protection devices did not 
seem to be effective in preventing cerebral isch-
emia during stenting. Although the immediate 
and future clinical signi fi cance of these  fi ndings 
was not fully elucidated, and their impact on cog-
nitive function is not well de fi ned, they estab-
lished DWI as a possible surrogate outcome 
measure in future trials of carotid interventions. 

 More recently, the results of the Carotid 
Revascularization Endarterectomy versus 
Stenting Trial (CREST) trial were published  [  45  ] . 
This trial randomly assigned patients with symp-
tomatic or asymptomatic carotid stenosis to 
undergo carotid artery stenting or carotid endart-
erectomy. The primary composite endpoint was 
stroke, myocardial infarction, or death from any 
cause during the periprocedural period or any 
ipsilateral stroke within 4 years after randomiza-
tion. In this trial, 2,502 patients were recruited 

and followed for a median follow-up period of 
2.5 years. There was no signi fi cant difference in 
the estimated 4-year rates of the primary endpoint 
between the stenting group and the endarterec-
tomy group. However, the 4-year rate of stroke or 
death was 6.4 % with stenting and 4.7 % with 
endarterectomy (hazard ratio, 1.50;  p  = 0.03); the 
rates among symptomatic patients were 8.0 and 
6.4 % (hazard ratio, 1.37;  p  = 0.14), and the rates 
among asymptomatic patients were 4.5 and 2.7 % 
(hazard ratio, 1.86;  p  = 0.07), respectively. 
Moreover, periprocedural rates of individual 
components of the endpoints differed between 
the stenting group and the endarterectomy group: 
for death (0.7 % vs. 0.3 %,  p  = 0.18), for stroke 
(4.1 % vs. 2.3 %,  p  = 0.01), and for myocardial 
infarction (1.1 % vs. 2.3 %,  p  = 0.03). The main 
 fi ndings of this trial supported the notion that the 
risk of periprocedural stroke was higher with 
stenting, whereas the risk of myocardial infarc-
tion was higher with endarterectomy.  

   Hybrid Approaches 

 Combined surgical and endovascular approaches 
have become increasingly popular for patients 
with a hostile aortic arch and in patients undergo-
ing CEA in the presence of a concomitant proxi-
mal common carotid stenosis (Fig.  12.2 ).  

 The aortic arch is clearly recognized as an 
embolic source during CAS, and this has been 
recently con fi rmed by interim data from the ICSS 
study demonstrating that greater than 10 % of 
strokes within 30 days of the procedure occurred 
contralateral to the target lesion after CAS  [  44  ] . 
Although the use of  fl ow reversal is believed to 
reduce the incidence of contralateral cross embo-
lization, this has not been widely accepted and is 
unlikely to circumvent embolization from manip-
ulation in the aortic arch  [  46  ] . 

 The transcervical technique via a small cut down 
or percutaneous access has been popularized and 
seems to result in a lower incidence of cerebral 
embolization, especially when used with a  fl ow 
reversal technique  [  47  ] . Although not widely uti-
lized, it may be an alternative option in patients with 
hostile access who are at high risk for surgery.  
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   High Risk for CAS 

 Overall, it had been challenging to collectively 
interpret the results of the randomized trials to 
date because they reached different conclusions 
about the safety and ef fi cacy of CAS versus CEA. 
Current data, however, seems to de fi ne a sub-
group of patient who are at high risk for CAS and 
who should be preferentially treated with CEA. 

 One clear limitation of CAS has become evi-
dent so far, namely, the higher rate of adverse out-
comes in octogenarians. The CREST lead-in 
phase and other studies have shown increased 
rates for stroke and stroke and death in octogenar-
ians  [  48  ] . Investigators in the CREST trial reported 
a 30-day stroke and death rate of 12 % for octoge-
narians compared with 3.23 % among non-octo-
genarians. Although this fact has been challenged, 
the observation has been repeated with such 
alarming regularity that age older than 80 years 
should be considered at least a relative contraindi-
cation to CAS  [  48–  50  ] . The increased risk with 
age actually starts at 75 years and accelerates 

beyond the age of 80. The etiology remains 
obscure, but the increase in adverse outcomes 
seen with this population might be at least partly 
related to anatomic factors, such as adverse arch 
anatomy and vessel tortuosity (Table  12.1 ). 
Moreover, many unfavorable anatomic character-
istics, such as arch elongation, calci fi cation, lesion 
length, and vessel tortuosity, have been associated 
with increased risk of CAS anecdotally and seem 
to be more prevalent in the elderly  [  51–  54  ] .  

 Similarly, the European trials data seem to 
suggest that symptomatic patients may have to be 

   Table 12.1    Accepted high-risk criteria for CAS   

 Anatomic  Physiologic 

 Arch disease and anomalies  Octogenarians 
 Severe tortuosity  Symptomatic patients 
 Severe stenosis  Renal failure 
 Echolucent lesion 
 Tandem lesions 
 Calci fi ed globular lesions 
 Ostial lesions 
 Long lesions (>15 mm) 

  Fig. 12.2    Hybrid repair in a patient with bifurcation disease treated with CEA with patch closure, and concomitant 
retrograde stenting of a common carotid origin stenosis       

 



17312 Carotid Artery Stenting: Current Status

considered high risk for CAS, especially when 
associated with other risk factors, and may be 
best treated with CEA  [  39,   40  ] . These  fi ndings, 
however, have not been duplicated by the CREST 
trial data  [  45  ] , and the differential outcomes may 
be biased by the shortcomings in each trial design 
and implementation. 

 Finally, plaque characteristics, such as echolu-
cency on ultrasound or plaque hemorrhage, may 
be more common in symptomatic patients and 
the culprit in increasing risk of stroke with CAS 
more than with CEA. The soft plaque with low 
echogenicity scores seems to be associated with 
signi fi cant neurologic adverse events  [  55  ] . As 
such, unless high-risk factors mandate use of 
CAS, average-risk patients with symptoms and 
vulnerable plaque  fi ndings should be preferen-
tially treated with CEA unless the patient is will-
ing to enroll in a clinical trial  [  55  ] .  

   Conclusion 

 The current indications for CAS continue to be 
better de fi ned, with current data supporting its 
application in clinical trials or speci fi c high-risk 
categories. While demonstrated to be relatively 
safer in patients with cardiac comorbidities, the 
neurologic outcomes with CAS continue to be 
suboptimal when compared to endarterectomy. 
Outcomes of CAS will continue to improve, 
however, and the approach to carotid disease is 
likely to evolve during the next several years 
with improved stenting and cerebral protection 
technology and a better understanding of plaque 
vulnerability. Ultimately, the bene fi t of CAS in 
terms of stroke prevention should depend on 
institutional outcomes and should be tailored to 
individual patient characteristics and 
comorbidities.      
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   Introduction    

 Vascular occlusive disease of the mesenteric ves-
sels is a relatively uncommon but potentially dev-
astating condition that generally presents in 
patients over 60 years of age and has been recog-
nized as an entity since 1936  [  1  ] . The incidence 

of such a disease is low and represents 2 % of the 
revascularization operations for atheromatous 
lesions. The most common cause of mesenteric 
ischemia is atherosclerotic vascular disease. 
Autopsy studies have demonstrated splanchnic 
atherosclerosis in 35–70 % of cases  [  2  ] . Other 
etiologies exist and include  fi bromuscular dys-
plasia, nodose panarteritis, arteritis, and celiac 
artery compression from a median arcuate liga-
ment, but they are unusual and have an incidence 
of 1/9 compared to that of atherosclerosis. 

 Chronic mesenteric ischemia is related to a 
lack of blood supply in the splanchnic region and 
is caused by disease in one or more visceral arter-
ies: the celiac trunk, the superior mesenteric 
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artery, and the inferior mesenteric artery. 
Mesenteric ischemia is thought to occur when 
two of the three visceral vessels are affected with 
severe stenosis or occlusion; however, in as many 
as 9 % of cases, a single vessel is only involved 
(SMA in 5 % and celiac trunk in 4 % of cases) 
 [  3 ,  4  ] . This disease process may evolve in a 
chronic fashion, as in the case of progressive 
luminal obliteration due to atherosclerosis. On the 
other hand, mesenteric ischemia can occur sud-
denly, as in the case of thromboembolism. Despite 
recent progress in perioperative management and 
better understanding in pathophysiology, mesen-
teric ischemia is considered one of the most cata-
strophic vascular disorders with mortality rates 
ranging from 50 to 75 %. Delay in diagnosis and 
treatment are the main contributing factors in its 
high mortality. It is estimated that mesenteric 
ischemia accounts for 1 in every 1,000 hospital 
admissions in this country. The prevalence is ris-
ing due in part to the increased awareness of this 
disease, the advanced age of the population, and 
the signi fi cant comorbidity of these elderly 
patients. Early recognition and prompt treatment 
before the onset of irreversible intestinal isch-
emia are essential to improve the outcome.  

   Anatomy and Pathophysiology 

 Mesenteric arterial circulation is remarkable for 
its rich collateral network. Three main mesenteric 
arteries provide the arterial perfusion to the gas-
trointestinal system: the celiac artery (CA), the 
superior mesenteric artery (SMA), and the infe-
rior mesenteric artery (IMA). In general, CA pro-
vides arterial circulation to the foregut (distal 
esophagus to duodenum), hepatobiliary system, 
and spleen; the SMA supplies the midgut 
 (jejunum to mid-colon); and the IMA supplies 
the hindgut (mid-colon to rectum). The CA and 
SMA arise from the ventral surface of the infra-
diaphragmatic suprarenal abdominal aorta, while 
the IMA originates from the left lateral portion of 
the infrarenal aorta. These anatomic origins in 
relation to the aorta are important when a mesen-
teric angiogram is performed to determine the 
luminal patency. In order to fully visualize the 

origins of the CA and SMA, it is necessary to 
perform both an anteroposterior and a lateral pro-
jection of the aorta since most arterial occlusive 
lesions occurs in the proximal segments of these 
mesenteric trunks. 

 Because of the abundant collateral  fl ow 
between these mesenteric arteries, progressive 
diminution of  fl ow in one or even two of the main 
mesenteric trunks is usually tolerated, provided 
that uninvolved mesenteric branches can enlarge 
over time to provide suf fi cient compensatory col-
lateral  fl ow. In contrast, acute occlusion of a main 
mesenteric trunk may result in profound ischemia 
due to lack of suf fi cient collateral  fl ow. Collateral 
network between the CA and the SMA exist pri-
marily through the superior and inferior pancrea-
ticoduodenal arteries. The IMA may provide 
collateral arterial  fl ow to the SMA through the 
marginal artery of Drummond, the arc of Riolan, 
and other unnamed retroperitoneal collateral ves-
sels termed meandering mesenteric arteries. 
Lastly, collateral visceral vessels may provide 
important arterial  fl ow to the IMA and the hindgut 
through the hypogastric arteries and the hemor-
rhoidal arterial network. 

 Regulation of mesenteric blood  fl ow is largely 
modulated by both hormonal and neural stimuli, 
which characteristically regulate systemic blood 
 fl ow. In addition, the mesenteric circulation 
responds to the gastrointestinal contents. 
Hormonal regulation is mediated by splanchnic 
vasodilators, such as nitric oxide, glucagon, and 
vasoactive intestinal peptide. Certain intrinsic 
vasoconstrictors, such as vasopressin, can dimin-
ish the mesenteric blood  fl ow. On the other hand, 
neural regulation is provided by the extensive 
visceral autonomic innervation. 

 Clinical manifestation of mesenteric ischemia 
is predominantly postprandial abdominal pain, 
which signi fi es that the increased oxygen demand 
of digestion is not met by the gastrointestinal col-
lateral circulation. The postprandial pain fre-
quently occurs in the mid-abdomen, suggesting 
that the diversion of blood  fl ow from the SMA to 
supply the stomach impairs perfusion to the small 
bowel. This leads to transient anaerobic metabo-
lism and acidosis. Persistent or profound mesen-
teric ischemia will lead to mucosal compromise 
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with release of intracellular contents and by-
products of anaerobic metabolism to the splanch-
nic and systemic circulation. Injured bowel 
mucosa allows unimpeded in fl ux of toxic sub-
stances from the bowel lumen with systemic con-
sequences. If full-thickness necrosis occurs in the 
bowel wall, intestinal perforation ensues which 
will lead to peritonitis. Concomitant atheroscle-
rotic disease in cardiac or systemic circulation 
frequently compounds the diagnostic and thera-
peutic complexity of mesenteric ischemia.  

   Types of Mesenteric Artery 
Occlusive Disease 

 There are three major mechanisms of visceral 
ischemia involving the mesenteric arteries, which 
include: (1) acute mesenteric ischemia, which 
can be either embolic or thrombotic in origin; (2) 
chronic mesenteric ischemia, and (3) nonocclu-
sive mesenteric ischemia. Despite the variability 
of these syndromes, a common anatomic pathol-
ogy is involved in these processes. The superior 
mesenteric artery (SMA) is the most commonly 
involved vessel in acute mesenteric ischemia. 
Acute thrombosis occurs in patients with under-
lying mesenteric atherosclerosis, which typically 
involves the origin of the mesenteric arteries 
while sparing the collateral branches. In acute 
embolic mesenteric ischemia, the emboli typi-
cally originate from a cardiac source and fre-
quently occur in patients with atrial  fi brillation or 
following myocardial infarction. Nonocclusive 
mesenteric ischemia is characterized by a low-
 fl ow state in otherwise normal mesenteric arter-
ies and most frequently occurs in critically ill 
patients on vasopressors. Finally, chronic mesen-
teric ischemia is a functional consequence of a 
long-standing atherosclerotic process which typi-
cally involves at least two of the three main mes-
enteric vessels. The gradual development of the 
occlusive process allows the development of col-
lateral vessels that prevent the manifestations of 
acute ischemia but are not suf fi cient to meet the 
high postprandial intestinal oxygen requirements, 
giving rise to the classical symptoms of postpran-
dial abdominal pain and the resultant food fear. 

 Several less common syndromes of visceral 
ischemia involving the mesenteric arteries can 
also cause serious debilitation. Chronic mesen-
teric ischemic symptoms can occur due to extrin-
sic compression of the celiac artery by the 
diaphragm, which is termed “the median arcuate 
ligament syndrome.” Acute visceral ischemia 
may occur following an aortic operation due to 
ligation of the IMA in the absence of adequate 
collateral vessels. Furthermore, acute visceral 
ischemia may develop in aortic dissection which 
involves the mesenteric arteries or after coarcta-
tion repair. Finally, other unusual causes of isch-
emia include mesenteric arteritis, radiation 
arteritis, and cholesterol emboli.  

   Clinical Presentation 

 Abdominal pain out of proportion to physical 
 fi ndings is the classic presentation in patients with 
acute mesenteric ischemia and occurs following an 
embolic or thrombotic ischemic event of the SMA. 
Other manifestations include sudden onset of 
abdominal cramps in patients with underlying car-
diac or atherosclerotic disease, often associated 
with bloody diarrhea, as a result of mucosal slough-
ing secondary to ischemia. Fever, nausea, vomit-
ing, and abdominal distention are some common 
but nonspeci fi c manifestations. Diffuse abdominal 
tenderness, rebound, and rigidity are late signs and 
usually indicate bowel infarction and necrosis. 

 Clinical manifestations of chronic mesenteric 
ischemia are more subtle owing to the extensive 
collateral development. However, when intestinal 
blood  fl ow is unable to meet the physiological gas-
trointestinal demands, mesenteric insuf fi ciency 
ensues. The classical symptoms include postpran-
dial abdominal pain, “food fear,” and weight loss. 
Persistent nausea and occasionally diarrhea may 
coexist. Diagnosis remains challenging, and most 
of the patients will undergo an extensive and expen-
sive gastrointestinal tract work-up for the above 
symptoms prior to referral to a vascular service. 

 The typical patient who develops nonocclu-
sive mesenteric ischemia is elderly patients and 
has multiple comorbidities, such as congestive 
heart failure, acute myocardial infarction with 
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cardiogenic shock, hypovolemic or hemorrhagic 
shock, sepsis, pancreatitis, and administration of 
digitalis or vasoconstrictor agents such as epi-
nephrine. Abdominal pain is only present in 
approximately 70 % of these patients. When 
present, the pain is usually severe but may vary in 
location, character, and intensity. In the absence 
of abdominal pain, progressive abdominal disten-
tion with acidosis may be an early sign of isch-
emia and impending bowel infarction.  

   Diagnostic Studies 

 The differential diagnosis of acute mesenteric 
ischemia includes other causes of severe abdomi-
nal pain of acute onset, such as perforated viscus, 
intestinal obstruction, pancreatitis, cholecystitis, 
and nephrolithiasis. Laboratory evaluation is nei-
ther sensitive nor speci fi c in distinguishing these 
various diagnoses. In the setting of mesenteric 
ischemia, complete blood count (CBC) may reveal 
hemoconcentration and leukocytosis. Metabolic 
acidosis develops as a result of anaerobic metabo-
lism. Elevated serum amylase may indicate a 
diagnosis of pancreatitis but is also common in the 
setting of intestinal infarction. Finally, increased 
lactate levels, hyperkalemia, and azotemia may 
occur in the late stages of mesenteric ischemia. 

 Plain abdominal radiographs may provide help-
ful information to exclude other causes of abdomi-
nal pain such as intestinal obstruction, perforation, 
or volvulus, which may exhibit symptoms mim-
icking intestinal ischemia. Pneumoperitoneum, 
pneumatosis intestinalis, and gas in the portal vein 
may indicate infarcted bowel. In contrast, radio-
graphic appearance of an adynamic ileus with a 
gasless abdomen is the most common  fi nding in 
patients with acute mesenteric ischemia. 

 Upper endoscopy, colonoscopy, or barium 
radiography does not provide any useful informa-
tion when evaluating acute mesenteric ischemia. 
Moreover, barium enema is contraindicated if the 
diagnosis of mesenteric ischemia is being consid-
ered. The intraluminal barium can obscure accu-
rate visualization of mesenteric circulation during 
angiography. In addition, intraperitoneal leakage 
of barium can occur in the setting of intestinal 

perforation, which can lead to added therapeutic 
challenges during mesenteric revascularization. 

 Diagnosis of chronic mesenteric ischemia can 
be more challenging. Usually, prior to the evalua-
tion by a vascular service, the patients have under-
gone an extensive work-up for the symptoms of 
chronic abdominal pain, weight loss, and anorexia. 
Rarely, the vascular surgeon is the  fi rst to encoun-
ter a patient with the above symptoms. In this sit-
uation, it is advisable to keep in mind that 
mesenteric ischemia is a rare entity, and that a full 
diagnostic work-up that should include CT scan 
of the abdomen and evaluation by gastroenterolo-
gist should be performed. Mesenteric occlusive 
disease may coexist with malignancy, and symp-
toms of mesenteric vessel stenosis may be the 
result of extrinsic compression by a tumor. 

 Duplex ultrasonography is a valuable nonin-
vasive means of assessing the patency of the mes-
enteric vessels. Moneta and associates evaluated 
the use of duplex ultrasound in the diagnosis of 
mesenteric occlusive disease in a blinded pro-
spective study  [  5,   6  ] . A peak systolic velocity in 
the SMA > 275 cm/s demonstrated a sensitivity 
of 92 %, speci fi city of 96 %, and an overall accu-
racy of 96 % for detecting >70 % stenosis. The 
same authors found sensitivity and speci fi city of 
87 and 82 %, respectively, with an accuracy of 
82 % in predicting >70 % celiac trunk stenosis. 
Duplex has been successfully used for follow-up 
after open surgical reconstruction or endovascu-
lar treatment of the mesenteric vessels to assess 
recurrence of the disease. Finally, spiral com-
puted tomography with 3D reconstruction as well 
as magnetic resonance angiogram (MRA) have 
been promising in providing clear radiographic 
assessment of the mesenteric vessels. 

 The de fi nitive diagnosis of mesenteric vascular 
disease is made by biplanar mesenteric arteriogra-
phy, which should be performed promptly in any 
patient with suspected mesenteric occlusion. It 
typically shows occlusion or near occlusion of the 
CA and SMA at or near their origins from the 
aorta. In most cases, the IMA has been previously 
occluded secondary to diffuse infrarenal aortic 
atherosclerosis. The differentiation of the different 
types of mesenteric arterial occlusion may be sug-
gested with biplanar mesenteric arteriogram. 
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Mesenteric emboli typically lodge at the ori fi ce of 
the middle colic artery, which creates a “meniscus 
sign” with an abrupt cutoff of a normal proximal 
SMA several centimeters from its origin on the 
aorta. Mesenteric thrombosis, in contrast, occurs 
at the most proximal SMA which tapers off at 
1–2 cm from its origin. In the case of chronic mes-
enteric occlusion, the appearance of collateral cir-
culation is typically present. Nonocclusive 
mesenteric ischemia produces an arteriographic 
image of segmental mesenteric vasospasm with a 
relatively normal-appearing main SMA trunk. 

 Mesenteric arteriography can also play a thera-
peutic role. Once the diagnosis of nonocclusive 
mesenteric ischemia is made on the arteriogram, an 
infusion catheter can be placed at the SMA ori fi ce 
and vasodilating agents, such as papaverine, can be 
administered intra-arterially. The papaverine infu-
sion may be continued postoperatively to treat per-
sistent vasospasm, a common occurrence following 
mesenteric reperfusion. Transcatheter thrombolytic 
therapy has little role in the management of throm-
botic mesenteric occlusion. Although thrombolytic 
agents may transiently recannulate the occluded 
vessels, the underlying occlusive lesions require 
de fi nitive treatment. Furthermore, thrombolytic 
therapy typically requires a prolonged period of 
time to restore perfusion, during which the intesti-
nal viability will be dif fi cult to assess. 

 A word of caution would be appropriate here 
regarding patients with typical history of chronic 
intestinal angina who present with an acute abdo-
men and classical  fi ndings of peritoneal irritation. 
Arteriography is the gold standard for the diagno-
sis of mesenteric occlusive disease; however, it 
can be a time-consuming diagnostic modality. In 
this group of patients, immediate exploration for 
assessment of intestinal viability and vascular 
reconstruction is the best choice.  

   Open Surgical Treatment 

   Acute Embolic Mesenteric Ischemia 

 Initial management of patients with acute mesen-
teric ischemia includes  fl uid resuscitation and 
systemic anticoagulation with heparin to prevent 

further thrombus propagation. Signi fi cant meta-
bolic acidosis not responding to  fl uid resuscita-
tion should be corrected with sodium bicarbonate. 
A central venous catheter, a peripheral arterial 
catheter, and a Foley catheter should be placed 
for hemodynamic status monitoring. Appropriate 
antibiotics are given prior to surgical exploration. 
The operative management of acute mesenteric 
ischemia is dictated by the cause of the occlu-
sion. It is helpful to obtain a preoperative mesen-
teric arteriogram to con fi rm the diagnosis and to 
plan appropriate treatment options. However, the 
diagnosis of mesenteric ischemia frequently can-
not be established prior to surgical exploration, 
and, therefore, patients in a moribund condition 
with acute abdominal symptoms should undergo 
immediate surgical exploration, avoiding the 
delay required to perform an arteriogram. 

 The primary goal of surgical treatment in 
embolic mesenteric ischemia is to restore arterial 
perfusion with removal of the embolus from the 
vessel. The abdomen is explored through a mid-
line incision, which often reveals variable degrees 
of intestinal ischemia from the midjejunum to the 
ascending or transverse colon. The transverse 
colon is lifted superiorly, and the small intestine 
is re fl ected toward the right upper quadrant. The 
SMA is approached at the root of the small bowel 
mesentery, usually as it emerges from beneath 
the pancreas to cross over the junction of the third 
and fourth portions of the duodenum. 
Alternatively, the SMA can be approached by 
incising the retroperitoneum lateral to the fourth 
portion of the duodenum, which is rotated medi-
ally to expose the SMA. Once the proximal SMA 
is identi fi ed and controlled with vascular clamps, 
a transverse arteriotomy is made to extract the 
embolus using standard balloon embolectomy 
catheters. In the event the embolus has lodged 
more distally, exposure of the distal SMA may be 
obtained in the root of the small-bowel mesen-
tery by isolating individual jejunal and ileal 
branches to allow a more comprehensive throm-
boembolectomy. Following the restoration of 
SMA  fl ow, an assessment of intestinal viability 
must be made, and nonviable bowel must be 
resected. Several methods have been described to 
evaluate the viability of the intestine, which 
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include intraoperative intravenous  fl uorescein 
injection and inspection with a Wood’s lamp and 
Doppler assessment of antimesenteric intestinal 
arterial pulsations. A second-look procedure 
should be considered in many patients and is per-
formed 24–48 h following embolectomy. The 
goal of the procedure is reassessment of the 
extent of bowel viability, which may not be obvi-
ous immediately following the initial embolec-
tomy. If nonviable intestine is evident in the 
second-look procedure, additional bowel resec-
tions should be performed at that time.  

   Acute Thrombotic Mesenteric Ischemia 

 Thrombotic mesenteric ischemia usually involves 
a severely atherosclerotic vessel, typically the 
proximal CA and SMA. Therefore, these patients 
require a reconstructive procedure to the SMA to 
bypass the proximal occlusive lesion and restore 
adequate mesenteric  fl ow. The saphenous vein is 
the graft material of choice, and prosthetic mate-
rials should be avoided in patients with nonviable 
bowel due to the risk of bacterial contamination 
if resection of necrotic intestine is performed. 
The bypass graft may originate from either the 
aorta or iliac artery. Advantages from using the 
supraceliac infradiaphragmatic aorta as opposed 
to the infrarenal aorta as the in fl ow vessel include 
a more smooth graft con fi guration with less 
chance of kinking, and the absence of atheroscle-
rotic disease in the supraceliac aortic segment. 
Exposure of the supraceliac aorta is technically 
more challenging and time consuming than that 
of the iliac artery, which unless calci fi ed is an 
appropriate in fl ow. Patency rates are similar 
regardless of in fl ow vessel choice  [  7  ] .  

   Chronic Mesenteric Ischemia 

 The therapeutic goal in patients with chronic 
mesenteric ischemia is to revascularize mesen-
teric circulation and prevent the development of 
bowel infarction. Mesenteric occlusive disease 
can be treated successfully by either transaortic 
endarterectomy or mesenteric artery bypass. 

Transaortic endarterectomy is indicated for ostial 
lesions of patent CA and SMA. A left medial 
rotation is performed, and the aorta and the mes-
enteric branches are exposed. A lateral aortotomy 
is performed encompassing both the CA and 
SMA ori fi ces. The visceral arteries must be ade-
quately mobilized so that the termination site of 
endarterectomy can be visualized. Otherwise, an 
intimal  fl ap may develop, which can lead to early 
thrombosis or distal embolization. 

 For occlusive lesions located 1–2 cm distal to 
the mesenteric origin, mesenteric artery bypass 
should be performed. Multiple mesenteric arter-
ies are typically involved in chronic mesenteric 
ischemia, and both the CA and SMA should be 
revascularized whenever possible. In general, 
bypass grafting may be performed either ante-
grade from the supraceliac aorta or retrograde 
from either the infrarenal aorta or iliac artery. 
Both autogenous saphenous vein grafts and pros-
thetic grafts have been used with satisfactory and 
equivalent success. An antegrade bypass also 
can be performed using a small-caliber bifur-
cated graft from the supraceliac aorta to both the 
CA and SMA, which yields an excellent long-
term result  [  8  ] .  

   Nonocclusive Mesenteric Ischemia 

 The treatment of nonocclusive mesenteric isch-
emia is primarily pharmacologic, with selective 
mesenteric arterial catheterization followed by 
infusion of vasodilatory agents such as tolazoline 
or papaverine. Once the diagnosis is made via 
mesenteric arteriography, intra-arterial papaver-
ine is given at a dose of 30–60 mg/h. This must 
be coupled with the cessation of other vasocon-
stricting agents. Concomitant intravenous hepa-
rin should be administered to prevent thrombosis 
in the cannulated vessels. The treatment strategy 
thereafter is dependent on the patient’s clinical 
response to the vasodilator therapy. If abdominal 
symptoms improve, mesenteric arteriography 
should be repeated to document the resolution 
of vasospasm. The patient’s hemodynamic status 
must be carefully monitored during papaverine 
infusion, as signi fi cant hypotension can develop 
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in the event that the infusion catheter migrates into 
the aorta, which can lead to systemic circulation 
of papaverine. Surgical exploration is indicated 
if the patient develops signs of continued bowel 
ischemia or infarction as evidenced by rebound 
tenderness or involuntary guarding. In these cir-
cumstances, papaverine infusion should be con-
tinued intraoperatively and postoperatively. The 
operating room should be kept as warm as pos-
sible, and warm irrigation  fl uid and laparotomy 
pads should be used to prevent further intestinal 
vasoconstriction during exploration.  

   Celiac Artery Compression Syndrome 

 Abdominal pain due to narrowing of the origin of 
the celiac artery (CA) may occur as a result of 
extrinsic compression or impingement by the 
median arcuate ligament. This condition is known 
as celiac artery compression syndrome, or median 
arcuate ligament syndrome. Angiographically, there 
is CA compression that augments with deep expira-
tion and post-stenotic dilatation. The syndrome has 
been implicated in some variants of chronic mesen-
teric ischemia, but its diagnosis is one of exclusion. 
A decision to intervene is therefore based on both 
an appropriate symptom complex and the  fi nding of 
celiac artery compression in the absence of other 
 fi ndings to explain the symptoms. The patient 
should be cautioned that relief of the celiac com-
pression cannot be guaranteed to relieve the symp-
toms. Most patients are young females between 20 
and 40 years of age. Abdominal symptoms are 
nonspeci fi c, but the pain is localized in the upper 
abdomen and may be precipitated by meals. The 
treatment goal is to release the ligamentous struc-
ture that compresses the proximal CA and to correct 
any persistent stricture by bypass grafting. In a 
number of reports on endovascular management of 
chronic mesenteric ischemia, the presence of CA 
compression syndrome has been identi fi ed as a 
major factor of technical failure and recurrence. 
Therefore, angioplasty and stenting should not be 
undertaken if extrinsic compression of the CA by 
the median arcuate ligament is suspected based on 
preoperative imaging studies. Open surgical treat-
ment should be performed instead  [  9–  11  ] .   

   Endovascular Treatment Strategies 

   Chronic Mesenteric Ischemia 

 Endovascular treatment of mesenteric artery 
stenosis or short segment occlusion by balloon 
dilatation or stent placement represents a less 
invasive therapeutic alternative to open surgical 
intervention, particularly in patients whose medi-
cal comorbidities place them at a high-operative-
risk category. Endovascular therapy is also suited 
in patients with recurrent disease or anastomotic 
stenosis following previous open mesenteric 
revascularization. Prophylactic mesenteric revas-
cularization is rarely performed in the asymp-
tomatic patient undergoing an aortic procedure 
for other indications  [  12  ] . However, the natural 
history of untreated chronic mesenteric ischemia 
may justify revascularization in some minimally 
symptomatic or asymptomatic patients if the 
operative risks are acceptable, since the  fi rst clin-
ical presentation may be acute intestinal ischemia 
in as many as 50 % of the patients, with a mortal-
ity rate that ranges from 15 to 70 %  [  13  ] . This is 
particularly true when the SMA is involved. 
Mesenteric angioplasty and stenting are particu-
larly suitable for this patient subgroup, given its 
low morbidity and mortality. Because of the lim-
ited experience with stent use in mesenteric ves-
sels, appropriate indications for primary stent 
placement have not been clearly de fi ned. 
Guidelines generally include calci fi ed ostial 
stenoses, high-grade eccentric stenoses, chronic 
occlusions, and signi fi cant residual stenoses 
>30 % or the presence of dissection after angio-
plasty. Restenosis after PTA is also an indication 
for stent placement  [  3 ,  13–  16  ] . 

   Endovascular Technique 
 To perform endovascular mesenteric revascu-
larization, intraluminal access is performed via 
a femoral or brachial artery approach. Once an 
introducer sheath is placed in the femoral artery, 
an    anteroposterior and lateral aortogram just 
below the level of the diaphragm is obtained 
with a pigtail catheter to identify the origin of the 
CA and SMA. Initial catheterization of the mes-
enteric artery can be performed using a variety 
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of selective angled catheters, which include the 
RDC, Cobra-2, Simmons I (Boston Scienti fi c/
Meditech, Natick, MA), or SOS Omni catheter 
(AngioDynamics, Queensbury, NY). Once the 
mesenteric artery is cannulated, systemic heparin 
(5,000 IU) is administered intravenously. A selec-
tive mesenteric angiogram is then performed to 
identify the diseased segment, which is followed 
by the placement of a 0.035  or less traumatic 
0.014–0.018  guidewire to cross the stenotic 
lesion. Once the guidewire is placed across the 
stenosis, the catheter is carefully advanced over 
the guidewire across the lesion. In the event that 
the mesenteric artery is severely angulated as it 
arises from the aorta, a second stiffer guidewire 
(Amplatz or Rosen Guidewire, Boston Scienti fi c) 
may be exchanged through the catheter to facili-
tate the placement of a 6-Fr guiding sheath 
(Pinnacle, Boston Scienti fi c). 

 With the image intensi fi er angled in a lateral 
position to fully visualize the proximal mesen-
teric segment, a balloon angioplasty is advanced 
over the guidewire through the guiding sheath 
and positioned across the stenosis. The balloon 
diameter should be chosen based on the vessel 
size of the adjacent normal mesenteric vessel. 
Once balloon angioplasty is completed, a post-
angioplasty angiogram is necessary to document 
the procedural result. Radiographic evidence 
of either residual stenosis or mesenteric artery 
dissection constitutes suboptimal angioplasty 
results which warrants mesenteric stent place-
ment. Moreover, atherosclerotic involvement of 
the proximal mesenteric artery or vessel ori fi ce 
should be treated with a balloon expandable stent 
placement. These stents can be placed over a 
low-pro fi le 0.014  or 0.018  guidewire system. It 
is preferable to deliver the balloon-mounted stent 
through a guiding sheath, which is positioned 
just proximal to the mesenteric ori fi ce while the 
balloon-mounted stent is advanced across the 
stenosis. The stent is next deployed by expanding 
the angioplasty balloon to its designated in fl ation 
pressure. The balloon is then de fl ated and care-
fully withdrawn through the guiding sheath. 

 Completion angiogram is performed by hand 
injecting a small volume of contrast though the 
guiding sheath. It is critical to maintain the guide-

wire access until satisfactory completion angio-
gram is obtained. If the completion angiogram 
reveals suboptimal radiographic results, such as 
residual stenosis or dissection, additional cathe-
ter-based intervention can be performed through 
the same guidewire. These interventions may 
include repeat balloon angioplasty for residual 
stenosis or additional stent placement for mesen-
teric artery dissection. During the procedure, 
intra-arterial infusion of papaverine or nitroglyc-
erine can be used to decrease vasospasm. 
Administration of antiplatelet agents is also rec-
ommended for at least 6 months or even 
inde fi nitely if other risk factors of cardiovascular 
disease are present  [  4 ,  14 ,  17  ] . 

 Complications are not common and rarely 
become life threatening. These include access 
sites thrombosis, hematomas, and infection. 
Dissection can occur during PTA and is managed 
with placement of a stent. Balloon-mounted 
stents are preferred over the self-expanding ones 
because of the higher radial force and the more 
precise placement. Distal embolization has also 
been reported, but it never resulted in acute intes-
tinal ischemia, likely due to the rich network of 
collaterals already developed  [  18  ] .   

   Thrombolytic Therapy for Acute 
Mesenteric Ischemia 

 Catheter-directed thrombolytic therapy is a 
potentially useful treatment modality for acute 
mesenteric ischemia, which can be initiated with 
intra-arterial delivery of thrombolytic agent into 
the mesenteric thrombus at the time of diagnos-
tic angiography. Various thrombolytic medica-
tions, including urokinase (Abbokinase, Abbott 
Laboratory, North Chicago, IL) or recombi-
nant tissue plasminogen activator (Activase, 
Genentech, South San Francisco, CA), have 
been reported to be successful in a small series 
of case reports. Catheter-directed thrombolytic 
therapy has a higher probability of restoring 
mesenteric blood  fl ow success when performed 
within 12 h of symptom onset. Successful reso-
lution of a mesenteric thrombus will facilitate 
the identi fi cation of the underlying mesenteric 
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occlusive disease process. As a result, subse-
quent operative mesenteric revascularization 
or mesenteric balloon angioplasty and stenting 
may be performed electively to correct the mes-
enteric stenosis. There are two main drawbacks 
with regard to thrombolytic therapy in mesenteric 
ischemia. Percutaneous catheter-directed throm-
bolysis does not allow the possibility to inspect 
the potentially ischemic intestine following res-
toration of the mesenteric  fl ow. Additionally, 
a prolonged period of time may be necessary 
in order to achieve successful catheter-directed 
thrombolysis, due in part to serial angiographic 
surveillance to document thrombus resolution. 
An incomplete or unsuccessful thrombolysis 
may lead to delayed operative revascularization, 
which may further necessitate bowel resection 
for irreversible intestinal necrosis. Therefore, 
catheter-directed thrombolytic therapy for acute 
mesenteric ischemia should only be considered 
in selected patients under a closely scrutinized 
clinical protocol.  

   Nonocclusive Mesenteric Ischemia 

 The treatment of nonocclusive mesenteric isch-
emia is primarily pharmacologic with selective 
mesenteric arterial catheterization followed by 
infusion of vasodilatory agents, such as tolazo-
line or papaverine. Once the diagnosis is made on 
the mesenteric arteriography, intra-arterial papav-
erine is given at a dose of 30–60 mg/h. This must 
be coupled with the cessation of other vasocon-
stricting agents. Concomitant intravenous hepa-
rin should be administered to prevent thrombosis 
in the cannulated vessels. Treatment strategy 
thereafter is dependent on the patient’s clinical 
response to the vasodilator therapy. If abdominal 
symptoms improve, mesenteric arteriography 
should be repeated to document the resolution 
of vasospasm. The patient’s hemodynamic status 
must be carefully monitored during papaverine 
infusion as signi fi cant hypotension can develop in 
the event that the infusion catheter migrates into 
the aorta which can lead to systemic circulation 
of papaverine. Surgical exploration is indicated 
if the patient develops signs of continued bowel 

ischemia or infarction as evidenced by rebound 
tenderness or involuntary guarding. In these cir-
cumstances, papaverine infusion should be con-
tinued intraoperatively and postoperatively. The 
operating room should be kept as warm as pos-
sible, and warm irrigation  fl uid and laparotomy 
pads should be used to prevent further intestinal 
vasoconstriction during exploration.   

   Treatment of Celiac Artery 
Compression Syndrome 

 Abdominal pain due to narrowing of the origin 
of the CA may occur as a result of extrinsic com-
pression or impingement by the median arcuate 
ligament. This condition is known as celiac artery 
compression syndrome, or median arcuate liga-
ment syndrome. The celiac artery compression 
syndrome has been implicated in some variants 
of chronic mesenteric ischemia. Most patients 
are young females between 20 and 40 years of 
age. Abdominal symptom is nonspeci fi c, but 
the pain is localized in the upper abdomen, 
which may be precipitated by meals. The treat-
ment goal is to release the ligamentous structure 
which compresses the proximal CA and correct 
any persistent stricture by bypass grafting. In a 
number of reports on endovascular management 
of chronic mesenteric ischemia, the presence of 
CA compression syndrome has been identi fi ed as 
a major factor of technical failure and recurrence. 
Therefore, angioplasty and stenting should not be 
undertaken if extrinsic compression of the CA by 
the median arcuate ligament is suspected based 
on preoperative imaging studies. Open surgical 
treatment should be performed instead  [  9–  11  ] .  

   Results from Clinical Series 

 The  fi rst successful percutaneous angioplasty of 
the SMA was reported in 1980  [  19  ] . Since 1995, 
11 series and multiple scattered case reports have 
reported results from endovascular management 
of mesenteric occlusive disease. In a recent lit-
erature review, AbuRahma et al.  [  18  ]  showed that 
endovascular intervention had overall technical 
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success rate of 91 %, early and late pain relief 84 
and 71 %, respectively, and 30-day morbidity and 
mortality rates of 16.4 and 4.3 %, respectively. 
The average patency was 63 % during an average 
26-month follow-up. 

 In our review of the literature  [  7  ]  from series 
since 1995, restenosis was developed in 22 % of 
patients during 24.5 months of average follow-up. 
The long-term clinical relief without re-interven-
tion was 82 %. Among the patients that had a 
technical failure, 15 were ultimately diagnosed 
with median arcuate ligament syndrome and 
underwent successful surgical treatment, an obser-
vation that emphasizes the need for careful patient 
selection.    Interestingly, the addition of selective 
stenting after PTA was started in 1998; while it 
slightly increases the technical success rate, it is 
not correlated with any substantial overall clinical 
bene fi t or improved long-term patency rates. 

 In contrast to the endovascular treatment, open 
surgical techniques have achieved an immediate 
clinical success that approaches 100 %, surgical 
mortality rate from 0 to 17 %, and an operative 
morbidity rate of that ranges from 19 to 54 % in 
a number of different series  [  2 ,  6 ,  12 ,  13 ,  20–  27  ] . 
AbuRahma and colleagues reported their experi-
ence of endovascular interventions of 22 patients 
with symptomatic mesenteric ischemia due to 
either SMA or CA stenosis  [  18  ] . They noted an 
excellent initial technical and clinical success 
rate, which were 96 % (23/24) and 95 % (21/22), 
respectively, with no perioperative mortality or 
major morbidity. During a mean follow-up of 
26 months (range 1–54), the primary late clinical 
success rate was 61 %, and freedom from recur-
rent stenosis was 30 %. The freedom from recur-
rent stenosis at 1, 2, 3, and 4 years were 65, 47, 
39, and 13 %, respectively. The authors con-
cluded that mesenteric stenting, which provides 
excellent early results, is associated with a rela-
tive high incidence of late restenosis  [  18  ] . 

 Several studies have attempted to compare the 
endovascular to standard open surgical approach 
 [  12 ,  13  ] . The results of the open surgery appear 
to be more durable but tend to be associated 
with higher morbidity and mortality rates and an 
overall longer hospital stay. In one study which 
compared the clinical outcome of open revascu-

larization with percutaneous stenting for patients 
with chronic mesenteric ischemia, 28 patients 
underwent endovascular treatment and 85 patients 
underwent open mesenteric bypass grafting  [  12  ] . 
With both patient cohorts having similar baseline 
comorbidities and symptom duration, there was 
no difference in early inhospital complication or 
mortality rate. Moreover, both groups had similar 
3-year cumulative recurrent stenosis and mortal-
ity rate. However, patients treated with mesenteric 
stenting had a signi fi cantly higher incidence of 
recurrent symptoms. The authors concluded that 
operative mesenteric revascularization should be 
offered to patients with low surgical risk  [  12  ] . 

 Based on the above results, one could argue 
that mesenteric angioplasty and stenting demon-
strate an inferior technical and clinical success 
rate. Long-term patency rates appear to also be 
superior with the open technique. There is a 
general consensus, however, that the endovascu-
lar approach is associated with lower morbidity 
and mortality rates and is therefore more suit-
able for high-risk patients. One should also keep 
in mind that practices representing standard of 
care for stent placement today were absent in 
the early era of endovascular experience. These 
include perioperative heparinization and short-
term antiplatelet therapy, use of stents with 
higher radial force, routine use of postoperative 
surveillance with arterial duplex and early re-
intervention to prevent a high-grade stenosis to 
progress to occlusion, and placement of drug-
eluting stents.  

   Conclusion 

 Mesenteric ischemia is a rare but life-threatening 
condition. Open surgical reconstruction was 
traditionally considered the treatment of 
choice. Endovascular strategies have recently 
emerged and offer a viable alternative, associ-
ated with decreased morbidity and mortality. 
It is anticipated that improving technical skills, 
advances in technology and re fi nement of 
stent characteristics, as well as introduction of 
drug-eluting stents will broaden the indica-
tions for stent placement, improve the overall 
ef fi cacy and patency rates, and  fi nally rede fi ne 
the role of the endovascular approach.      
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   Atherosclerotic    Renal Artery Stenosis 

   Epidemiology 

 Renal artery stenosis (RAS) is an important 
underlying cause of secondary hypertension and 
causes chronic renal failure in 10–20 % of the 

cases  [  1  ] . With the aging of the patient population, 
the prevalence of renovascular disease as a cause 
of hypertension has also increased during the past 
25 years  [  2  ] . Although RAS is often seen in 
patients with hypertension, all types of major 
renal artery stenoses can be found in both normo-
tensive and hypertensive patients. The prevalence 
of renovascular hypertension in the general popu-
lation is between 4 and 33 %  [  3  ] . However, in 
angiographic studies, this disease was found in 
32–49 % of normotensive elderly patients with 
atherosclerosis  [  4 ,  5  ] . The prevalence of RAS 
ranges from 4 to 50 % in autopsy studies of unse-
lected patients. The association of RAS and 
extrarenal atherosclerosis (peripheral, coronary, 
or carotid artery disease) ranges from 5 to 40 % 
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  Abstract 

 Interventions for renal arterial disease are primarily driven by functional 
consequences of the disease. These are poorly controlled hypertension, 
increasing renal dysfunction (often associated with loss of renal mass), 
and, more recently, control of congestive heart failure. The dominant 
causes are atherosclerotic stenosis and  fi bromuscular dysplasia. Good 
interventional technique allows for precise de fi nition of the lesions, safe 
intervention, and appropriate interpretation of the end result. Strict adher-
ence to the gold standard indications for intervention results in good long-
term functional results.  
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 [  6 ,  7  ] . In patients with peripheral or coronary 
artery disease undergoing abdominal aortogra-
phy, the prevalence of unsuspected renal artery 
stenosis ranges from 14 % to as high as 49 %. 
Elevated serum cholesterol concentration  [  8 ,  9  ] , 
impaired renal function  [  9  ] , a history of coronary 
artery disease  [  7 ,  10  ] , and a history of smoking 
 [  7 ,  8  ]  are associated predictors of renal artery 
stenosis. The cumulative incidence of RAS pro-
gression was 35 % at 3 years and 51 % at 5 years. 
The 3-year cumulative incidence of renal artery 
disease progression strati fi ed by baseline disease 
classi fi cation was 18, 28, and 49 % for renal 
arteries initially classi fi ed as normal, <60 % 
stenosis, and  ³ 60 % stenosis, respectively 
( P  = 0.03, log-rank test)  [  11  ] . There were only 9 
renal artery occlusions in 295 kidneys intervened 
on during the study, all of which occurred in renal 
arteries having  ³ 60 % stenosis at the examination 
before the detection of occlusion. The risk of 
renal artery disease progression during follow-up 
was linked to systolic blood pressure  ³  160 mmHg, 
diabetes mellitus, and high-grade (>60 % steno-
sis or occlusion) disease in either the ipsilateral 
or contralateral renal artery  [  11  ] . The 2-year 
cumulative incidence (CI) of renal atrophy was 
5.5, 11.7, and 20.8 % in kidneys with a baseline 
renal artery disease classi fi cation of normal, 
<60 % stenosis, and  ³ 60 % stenosis, respectively 
 [  12  ] . Factors associated with a high risk of renal 
atrophy included a systolic blood pressure > 
180 mmHg, a renal artery peak systolic velocity 
> 400 cm/s, and a renal cortical end diastolic 
velocity  £  5 cm/s. The occurrence of renal atro-
phy is well correlated with changes in the serum 
creatinine concentration  [  12  ] .  

   Indications 

 In general, the standard indications for interven-
tion on renal artery stenosis are the presence of 
hypertension poorly controlled on four medica-
tions, a rising serum creatinine, and/or a decrease 
in renal mass measured by pole-to-pole length. A 
newer indication is poorly controlled congestive 
heart failure and  fl ash pulmonary edema.  

   Outcomes 

   Mortality and Morbidity 
 Renal artery stenting has a low mortality rate and 
a relatively high complication rate that can be 
separated into local complications at the access 
site in the arm or groin and those at the site of 
intervention and within the parenchyma of the 
kidney. Martin et al. reviewed complication rates 
from two large series and two meta-analyses to 
determine weighted complication rates  [  13  ] . 
Periprocedural complication rates ranged from 
12 to 36 %, the majority of which were related to 
the access site. The incidence of secondary neph-
rectomy is <1 %, and 30-day mortality rates are 
reported up to 3 %  [  14  ] . Nephrectomy may be 
required in instances of uncontrollable renal 
artery bleeding, occlusion, or dissection that can-
not be managed with endovascular techniques. 
Common causes of mortality with renal artery 
stenting include hemorrhage, acute renal failure, 
cholesterol embolization, sepsis, and aortic dis-
section  [  14  ] . 

   Anatomic 
 Technical success of angioplasty and/or stenting 
runs between 82 and 100 %. In studies of angio-
plasty, success is higher for nonostial lesions 
(72–82 %) than for ostial lesions (60–62 %). We 
recently demonstrated that renal interventions 
have 82 % primary patency and a 100 % primary 
assisted patency at 5 years  [  15  ] .  

   Functional 
 Renal artery stenosis is an independent predictor 
of mortality. At 7 years, 73 % of patients with 
renal artery stenosis are dead  [  16  ] . The 7-year 
mortality in this study for patients with a solitary 
kidney was 66 %, which is equivalent to untreated 
disease and was signi fi cantly higher than those 
patients with two kidneys (32 % at 7 years). 
Similar to the current study, immediate and long-
term postprocedure creatinine deterioration and 
dialysis dependency have been associated with 
increased mortality  [  15 ,  17 ,  18  ] . Elevated creati-
nine has already been shown to affect survival 
after therapy for renal artery stenosis despite 
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adequate revascularization  [  15 ,  17 ,  18  ] . After 
simple angioplasty in all comers, improvement or 
cure of the blood pressure has been reported as 
66–100 %, and improvement or stabilization of 
the renal functions was reported as 38–100 % 
 [  19–  22  ] . In contrast, after primary stent place-
ment, improvement or cure of the blood pressure 
was reported as 44–100 %, and improvement or 
stabilization of the renal functions was reported 
as 24–100 %  [  23–  29  ] . Metabolic syndrome is 
associated with markedly reduced renal clinical 
bene fi t and increased progression to hemodialy-
sis following endovascular intervention for ath-
erosclerotic renal artery stenosis  [  30  ] . The recent 
ASTRAL trial has questioned the role of percuta-
neous transluminal renal angioplasty (PTRA) for 
symptomatic renal disease with the randomized 
study showing no signi fi cant bene fi t over best 
medical therapy. A review of the results of mul-
tiple clinical reports, which used accepted report-
ing standards, is shown in Table  14.1 .    

   Recurrent Disease 
 Restenosis following renal angioplasty remains a 
considerable drawback of both angioplasty and 
primary stenting of renal artery stenosis, with 
rates of restenosis ranging from 15 to 20 %  [  13 , 
 15 ,  17 ,  31–  36  ] . Restenosis is strongly correlated 
with recurrent symptoms. Restenosis is more fre-
quent in females, and about 80 % of cases are 
associated with recurrent symptoms. Patients 
with diabetes and prior restenosis have a higher 
rate of in-stent restenosis  [  37  ] , and there is a cor-
relation with prolonged in-stent thrombus and 
hyperglycemia  [  38  ] . Risk factors for late stent 
thrombosis include penetration of necrotic core, 
malapposition, overlapping stent placement, 
excessive stent length, and bifurcation lesions. In 
the Single Operator, Single Center, Renal Stent 
Retrospective Study (SOCRATES), 10 % of the 
vessels required reintervention, and this was best 
predicted by patient age  £  67 years, stent diame-
ter  £  5.0 mm, solitary functioning kidney, history 
of lower extremity peripheral artery disease, and 
antecedent history of stroke  [  35  ] . Reintervention 
is safe and technically effective. At 5 years, ana-
tomic and functional outcomes are equivalent. 

Outcomes in recurrent lesions are in fl uenced by 
statins, contralateral kidney size (>9 cm), and a 
 ³ 20 % improvement in baseline creatinine within 
3 months  [  39  ] .  

   Solitary Kidney 
 Up to one-third of renal interventions are for 
solitary kidneys. At the present time, there are no 
unique established criteria for endovascular treat-
ment of renal artery stenosis in a solitary func-
tioning kidney. One criterion suggested has been 
kidney size, as it is reported that a pole-to-pole 
length of less than 8 cm is a signi fi cant predictor 
that revascularization will not help in improving 
renal function  [  40  ] . A second criterion is the ana-
tomic location of the stenosis as an ostial local-
ization, which has a more favorable outcome than 
a peripheral lesion  [  23 ,  41  ] . A third criterion is 
the degree of stenosis present, with >70 % having 
a better outcome. A  fi nal criterion is the state and 
rate of decline of the renal insuf fi ciency  [  42–  45  ] . 
There were no signi fi cant differences in mortality 
or morbidity between solitary kidney and dual 
kidney patients. There was a signi fi cant differ-
ence in the long-term survival with 55 ± 8 % 
patients with a normal contralateral kidney vs. 
27 ± 7 % patients with a solitary functioning kid-
ney alive at 10 years. Clinical bene fi t is equiva-
lent at 10 years between solitary functioning 
kidney and normal contralateral groups. Predictors 
of long-term clinical bene fi t are ipsilateral kidney 
size (>9 cm), no immediate deterioration in func-
tion, and an eGFR > 30 mL/min/1.73 m 2   [  46  ] .  

   EVAR 
 Renal artery revascularization during endovascu-
lar aortic aneurysm repair (EVAR) should be 
considered higher risk than primary renal inter-
ventions for atherosclerotic disease. There were 
no signi fi cant differences in mortality or morbid-
ity compared to the isolated renal artery stenting 
procedure. There is a higher incidence of proce-
dural complications, early functional injury, and 
early occlusion rates. However, the long-term 
sequelae and bene fi ts are similar to those of renal 
revascularization procedure in the absence of 
EVAR  [  47  ] . As a result, a cautious approach 
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should be taken when faced with asymptomatic 
renal artery stenosis. Unless there are appropriate 
symptoms and indications, renal artery stenting 
should not be prophylactically performed. If there 
is concern for ostial compromise with placement 
of the EVAR device due to atherosclerotic dis-
ease, then stenting should be considered. Renal 
stenting in the presence of aneurysm is associ-
ated with parenchymal injury, and, therefore, 
staging renal stenting before aneurysm repair 
appears to be less bene fi cial than  fi xing the aneu-
rysm  fi rst and dealing with the renals at an inter-
val from the EVAR. There is no current data on 
the use of renal distal protection devices and 
EVAR.    

   Fibromuscular Dysplasia 

   Epidemiology 

 Fibromuscular dysplasia (FMD) can result in 
signi fi cant hypertension in women between 15 
and 50 years of age but only accounts for less 
than 10 % of cases of renovascular hypertension 
 [  48  ] . First described in 1938  [  49  ] , FMD fre-
quently involves the distal main renal artery and 
its branches  [  48  ] . While FMD has been shown to 
affect multiple arterial beds, the frequency of 
involvement in renal arteries is 60–70 %, with 
bilateral disease occurring in 35 % of patients. 
The natural history of renal FMD is progression 
in up to 37 % of patients  [  50  ] , but this progres-
sion only rarely results in occlusion of the renal 
artery  [  51  ] . Patients with FMD do demonstrate a 
signi fi cant decrease in mean cortical thickness 
and reduced renal length compared to compara-
ble patients with essential hypertension. While 
up to 63 % of patients with FMD experience a 
loss of renal mass, the incidence of renal failure 
remains remarkably low  [  50 ,  52  ] .  

   Indications 

 The main impetus for the treatment of FMD is 
control of hypertension and its attendant compli-
cations. The majority of patients can be primarily 

managed medically. Revascularization is reserved 
for those patients who have recent onset of hyper-
tension with the primary goal to cure the hyper-
tension, those in whom blood pressure control 
has proved dif fi cult, those intolerant of antihy-
pertensive therapy, those who are not compliant 
with their antihypertensive medication, and those 
who have demonstrated a loss of renal volume 
leading to a diagnosis of ischemic nephropathy 
 [  53  ] . The primary mode of intervention is by bal-
loon angioplasty, with surgery reserved for recal-
citrant lesions.  

   Outcomes 

   Mortality and Morbidity 
 Interventions for FMD are associated with a very 
low procedural mortality rate and a relatively low 
major morbidity rate. The majority of complica-
tions occur at the access site in the arm or groin. 
Rates of atheroembolism into the kidney or dur-
ing the procedure are relatively low because of the 
nature of the disease. The most common renal-
related morbidity is dissection and rupture of the 
renal artery due to the nature of the disease. 

   Anatomic 
 Percutaneous transluminal renal angioplasty has 
become the treatment of choice for patients with 
renal artery FMD, with the literature reporting 
technical success rates ranging from 83 to 100 % 
 [  54–  60  ] . Success rates with open revasculariza-
tion range from 89 to 97 %  [  61–  63  ] . Restenosis 
rates after PTRA for FMD range from 7 to 27 % 
in the literature  [  54–  60  ] . Clinical factors associ-
ated with restenosis following initial PTRA 
include increased body mass index and duration 
and degree of hypertension  [  64  ] . Oertle et al.  [  65  ]  
have shown that about one-third of patients 
treated by PTRA for FMD who subsequently 
return during follow-up with deterioration of/or 
recurrent arterial hypertension have no angio-
graphic demonstrable restenosis, whereas 15 % 
of patients without deterioration of/or recurrent 
arterial hypertension have angiographic demon-
strable restenosis. In the one study, dyslipidemia 
(low HDL and high triglycerides), low eGFR 
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(<30 mL/min/1.73 m 2 ), and patients older than 
55 years were factors associated with the devel-
opment of restenosis.  

   Functional 
 A review of the results of multiple clinical reports, 
which used accepted reporting standards, is shown 
in Table  14.2 . Hypertension cure rates of 14–59 % 
and hypertension improvement rates of 21–63 % 
have been reported  [  54–  60  ] . The incidence of “no 
effect” with endoluminal intervention ranges from 
7 to 30 %  [  50  ] . With open surgery, cure of hyper-
tension can be obtained in 33–63 % of patients 
with improvements in hypertension noted in 
24–57 % of patients. The incidence of failure (i.e., 
“no effect” on hypertension) ranges from 3 to 
33 %. Successful outcome appears to be associ-
ated with an age <50 years, the absence of associ-
ated coronary and carotid stenosis, and duration of 
hypertension less than 8 years. In the current 
study, we also identi fi ed the duration of hyperten-
sion as a signi fi cant factor related to successful 
outcome. However, we also identi fi ed an associa-
tion with decreased long-term clinical bene fi t and 
a cluster of variables associated with metabolic 

syndrome—a fasting blood sugar > 110 mg/dL, 
triglycerides > 150 mg/dL, and HDL  £  50 mg/dL.     

   Techniques 

   Preoperative 
 Preoperative preparation for a renal angiogram 
should consist of prehydration with normal 
saline (0.9 %) and the use of a mucomyst 
( N -acetylcysteine) or bicarbonate infusion proto-
col if the creatinine is >1.5 mg/dL or eGFR < 60. 
Antihypertensives should be reviewed and the 
dose reduced. Oral hypoglycemics should also be 
reviewed and held as appropriate. If intervention 
is intended, then loading with clopidogrel 150–
330 mg is advisable.  

   Approach 
 A femoral or a brachial approach is acceptable 
for renal intervention and is dictated by the pref-
erence of the physician, the anatomy of the access 
sites, and the orientation of the renal artery. Care 
should be taken when traversing the aortic arch 
and placing catheters to avoid atheroembolism.  

   Table 14.2    Treatment outcomes: percutaneous intervention for renal artery  fi bromuscular dysplasia   

 Author  Year   n   Technical 
success
(%) 

 Hypertension response (%)  Perioperative outcome (%) 

 Cured/
improved 

 Cured  Improved  Failed  Death  Morbidity 

 Sos  1983  31  87  93  59  34  7  0  6 
 Baert  1990  22  83  79  58  21  21  0  NR 
 Tegtmeyer  1991  66  100  98  39  59  2  0  3 
 Borrelli  1995  105  89  85  22  63  15  0  NR 
 Jensen  1995  30  97  86  39  47  14  0  15 
 Davidson  1996  23  100  74  52  22  26  0  13 
 Klow  1998  49  98  70  26  44  30  0  0 
 Birrer  2002  27  100  93  NR  NR  7  0  7.4 
 Mounier-Vehier  2002  20  100  97  NR  NR  3  NR  NR 
 Surowiec  2003  14  95  74  NR  NR  26  0  28.5 
 deFraissinette  2003  70  94  88  14  74  12  0  11 
 Alhadad  2005  67  95  84  NR  NR  16  0  32 
 Davies  2008  29  100  73  NR  NR  27  0  8 
 Kim  2008  16  79  80  7  73  20  0  16 
 Barrier  2010  60  82  74  NR  NR  26  0  30 

  Median    95    84    39    47    16    0    12  

   NR  not reported  



19514 Treatment of Renal Artery Stenosis and Fibromuscular Dysplasia

   Diagnostic 
 A  fl ush abdominal aortogram should be performed 
using a right oblique view, and then selective cath-
eterization of the renal can be performed using 
either a contact or no contact technique. The renal 
angiogram should display the entire renal and the 
parenchyma and be allowed to clear to demon-
strate the late  fi lling of the renal venous system. In 
the setting of signi fi cant renal insuf fi ciency, CO 

2
  

angiography can be performed to outline the renal 
ostium and gain entry and identify the lesion. 3D 
fusion imaging is now available in certain imaging 
systems to allow overlay preoperative studies 
using anatomic landmarks to guide the interven-
tion. Intravascular ultrasound (IVUS) can be used 
to assess and de fi ne the lesion prior to interven-
tion. Access to the ostium can be performed using 
a touch or no-touch technique to avoid scraping 
the wall and dislodging plaque.  

   Intervention 
 When an appropriate atherosclerotic lesion is 
found, the operator should determine the severity 
with pullback pressures or IVUS. Thereafter, the 
operator has the option of primary stenting with a 
balloon-mounted stent or predilating to allow the 
stent platform and delivery system to traverse the 
stenosis. Femoral or brachial approaches may be 
used, and the operators’ preferential system 
(0.035-, 0.018-, or 0.014-in. guidewire) can be 
utilized to deliver a stent or a balloon (Figs.  14.1 , 
 14.2 , and  14.3 ). Very tight lesions are best predi-
lated to avoid displacing a stent from the balloon. 
Stenting is important for ostial lesions as this 
re fl ects aortic disease. Balloon-expandable stents 
are typically utilized for renal arteries. Closed-
cell stent designs are preferred, as they provide 
more radial strength at the renal ostium. Stent-to-
artery ratio should be kept to 10 % of the refer-
ence renal artery diameter to ensure apposition 
and avoid complications. Care should also be 
taken so that 1–2 mm of the stent extends into the 
aorta in order to ensure that the ostium of the 
renal artery is covered. Balloon angioplasty or 
stenting is appropriate for proximal middle and 
distal renal artery lesions. Balloon angioplasty is 
the primary mode of intervention in FMD.     

   Distal Protection Devices 
 Renal protection is advised in management of 
renal artery stenosis in the solitary kidney, where 
any atheroembolism carries signi fi cant morbid-
ity. In the presence of two kidneys, distal protec-
tion should be considered in patients with renal 
insuf fi ciency. In such cases, endovascular inter-
vention using distal protection devices resulted in 
4- to 6-week postintervention renal function 
results approximating those of surgical revascu-
larization  [  66  ] .  

   Completion Studies 
 Completion studies should be performed which 
consist of two-dimensional or rotation angiogra-
phy, repeat pullback pressures, or completion 
IVUS to ensure appropriate lesion correction and 
apposition of the stent to the wall.  

   Postoperative Care 
 The patient should be monitored for access-site 
complications and hydration maintained. Blood 
pressure should be monitored to ensure no 
rebound hypotension and remaining medications 
should be restarted.   

   Management of Complications 

   Arterial 
   Occlusion 
 The incidence of renal artery occlusion rates 
is between 0.8 and 2.5 %  [  13  ] . Surgical bypass 
or renal vessel reimplantation are traditional 
approaches that have been used, based upon a 
few reports in the literature, to salvage a 
threatened kidney  [  67 ,  68  ] . In recent years, 
however, thrombolysis has gained signi fi cant 
favor. A few reports relay the success of 
thrombolytic therapy in cases of acute renal 
artery occlusion following failed endovascu-
lar intervention  [  68 ,  69  ] . Generally, the pres-
ence of a normal contralateral kidney will 
lessen the need for surgical action. Surgery is 
mandatory, however, in the case of bilateral 
renal artery occlusion or when a solitary kid-
ney is affected  [  70  ] .  
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  Fig. 14.1    Renal artery stenting using the guidewire tech-
nique. ( a ) A standard guidewire is advanced into the aorta 
from a femoral approach. The shape, type, and diameter 
of the wire will depend on the operator’s preferences and 
the therapeutic platform to be used. An angled catheter is 
used to engage the renal. A pigtail catheter may be posi-
tioned cranial to the renal artery ori fi ce via the right groin 
to con fi rm device position during the following steps: ( b ) 

guidewire and pigtail catheter in position and diagnostic 
catheter withdrawn, ( c ) predilation of the stenosis, ( d ) 
stent positioned at the stenosis, and ( e )  fi nal angiogram 
via the pigtail catheter, showing the stent implanted and 
the balloon withdrawn (Adapted from Zeller T, J Endovasc 
Ther. 2004;11(Suppl 2):II96–106. Illustrations used with 
permission from the Department of Cardiovascular 
Surgery, Methodist DeBakey Heart & Vascular Center)       
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  Fig. 14.2    Renal artery stenting using the guiding cathe-
ter technique. A catheter may be introduced with a guid-
ing sheath to gain access to the renal artery. A straight, 
stiff wire placed in the guiding sheath will help to keep it 
off the wall and allow an angled catheter to freely engage 
the ostium and avoid scraping atheroma. ( a ) The renal 
artery is selectively catheterized with a guiding catheter. 
( b ) The lesion is crossed with a 0.014- or 0.018-in. guide-
wire. ( c ) The lesion is predilated if there is concern that a 

stent will not easily pass through the lumen. ( d ) After the 
stent is delivered, the guiding catheter is pulled back into 
the aorta to check for correct stent position. ( e ) With the 
stent properly deployed, the proximal stent struts protrude 
1–2 mm into the aorta and can be overdilated to  fl are the 
end (Adapted from Zeller T, J Endovasc Ther. 
2004;11(Suppl 2):II96–106. Illustrations used with per-
mission from the Department of Cardiovascular Surgery, 
Methodist DeBakey Heart & Vascular Center)       
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   Dissection 
 A renal artery dissection during a percutaneous 
renal intervention that results in a change in man-
agement of the patient is unusual. In published 
series, this complication has been reported to 
occur in 1–18 % of cases  [  71 ,  72  ] . Beek et al. 
report three instances of renal artery dissection, 
two of which were of no clinical signi fi cance but 
resulted in loss of the kidney in the third  [  73  ] . 
The cause for signi fi cant dissection of the renal 
artery is typically the subintimal passage of the 
guidewire during the initial catheterization. 
However, it might also arise from other manipu-
lations, including predilatation prior to stent 
deployment, oversizing the stent, or aggressive 
balloon dilatation of the stent. Regardless of the 
cause, dissection of the renal artery occurs more 
often in heavily calci fi ed lesions. Technical error 
may be the cause when the initial guidewire 

placement takes a subintimal course and goes 
unrecognized. The resulting subintimal false 
channels are reported to occur in up to 18 % of 
cases  [  73  ] . If unrecognized, balloon in fl ation or 
stenting within the false channel may lead to 
acute renal artery occlusion or renal artery perfo-
ration. Though sometimes unavoidable, there are 
some techniques that may reduce the incidence 
of this complication. Aortic dissection is a rare, 
but potentially serious, complication of renal 
artery stenting that occurs with reported inci-
dence of up to 2.2 %  [  72  ] . Though the precise 
cause of the development of aortic dissection in 
this situation is not known, it is postulated to be a 
consequence of the application of multidirec-
tional forces on the aortic wall at the level of the 
renal ostium  [  74  ] . Prevention may not always be 
possible, but it does seem likely that overdilating 
a stent within the renal artery ori fi ce may be a 

Left brachial access

a b

  Fig. 14.3    Renal stenting from a brachial access. ( a ) With a 
6-F sheath placed into the right or left brachial artery, a guiding 
catheter is advanced over a stiff wire until it reaches the aortic 
arch, where the catheter is rotated and the guidewire directed 
into the descending aorta. ( b ) A guidewire is then placed into 

the renal artery and is used as the platform to allow predilation 
(if necessary) or primary stenting (Adapted from Zeller T, J 
Endovasc Ther. 2004;11(Suppl 2):II96–106. Illustrations used 
with permission from the Department of Cardiovascular 
Surgery, Methodist DeBakey Heart & Vascular Center)       
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contributing factor. This is illustrated in a recently 
reported case where a dissection of the perirenal 
aorta developed after increasing the diameter of a 
balloon-expandable stent from 6 to 7 mm while 
treating a renal ostial stenosis  [  75  ] . At the time of 
the second balloon dilatation, the patient com-
plained of severe chest and back pain, and the 
diagnosis of aortic dissection was con fi rmed dur-
ing aortography. The diagnosis of aortic dissec-
tion should be considered whenever a patient 
develops severe chest, back, or abdominal pain 
following renal artery stent placement  [  74  ] . This 
may be con fi rmed angiographically, or the patient 
may be sent for cross-sectional imaging. Any 
imaging should include the thoracic aorta to 
determine the extent of the dissection, speci fi cally 
whether it has extended into the chest to involve 
the aortic arch. Management will be similar to 
the management for an idiopathic aortic dissec-
tion. Pharmacologic management should be 
promptly instituted; if the blood pressure is ele-
vated, it should be aggressively lowered.  

   Rupture 
 Renal artery rupture is one of the most feared, 
though fortunately, rare complications associated 
with renal artery stenting, with a reported inci-
dence of only 0–1.7 %  [  19  ] . The clinical manifes-
tation is often not subtle: there is immediate back 
or  fl ank pain with bleeding into the retroperito-
neum. The patient may become hypotensive and 
tachycardic. Contrast extravasation into the retro-
peritoneum is visible with angiography evident 
by an amorphous collection of contrast emanat-
ing from the renal artery. Balloon tamponade 
with or without covered stent placement is suc-
cessful in the majority of cases  [  76  ] . Rarely, renal 
artery rupture may present several hours after the 
procedure  [  77  ] . Guidewire perforation of a distal 
renal artery branch is a rare but potentially seri-
ous complication of renal artery stent placement 
 [  76,   78  ] . Nephrectomy for main renal artery 
injury has outcomes similar to those of vascular 
repair, and it does not worsen posttreatment renal 
function in the short term. Nonoperative manage-
ment for segmental renal artery injury results in 
excellent outcomes  [  79  ] .  

   Renal Stent Fracture 
 There are six renal artery stent fracture cases that 
developed in-stent stenosis that resulted from 
stent fracture  [  80  ] . Two major anatomy features 
of renal artery stenosis were suggestive for devel-
opment of stent fracture: (1) renal artery entrap-
ment by diaphragmatic crus and (2) mobile 
kidney with acute angulation at the proximal seg-
ment of the renal artery. It is important to detect 
this etiology of renal artery stenosis because 
stenting in these vessels may contribute to in-
stent restenosis or stent fracture. Management of 
renal artery stent fracture, including endovascu-
lar treatment or aortorenal bypass, should be con-
sidered on a case-by-case basis in relation to 
clinical settings.   

   Parenchymal 
   Parenchymal Injuries 
 Renal subcapsular hemorrhage may be a life-
threatening problem that requires early detection 
and immediate angiographic intervention. A com-
puted tomography (CT) scan with arterial phase 
will detect active hemorrhage and aid in planning 
the appropriate intervention. Superselective seg-
mental renal artery catheterization and emboliza-
tion is a safe and ef fi cient method for the treatment 
of patients with severe renal hemorrhage. Technical 
and clinical success is approximately 85 and 65 %, 
respectively  [  81  ] . The derived CT angiographic 
images can closely mimic the “watering-can” 
appearance of multiple bleeding sites described 
angiographically and may indicate that emboliza-
tion of the primary bleeding cortical artery alone 
may be insuf fi cient to control hemorrhage and that 
nephrectomy is required. Iatrogenic injuries of the 
intrarenal arterial system include pseudoaneu-
rysms and  fi stulas, and the majority can be suc-
cessfully treated with transarterial embolization 
with Gelfoam with or without hydrogel particles, 
steel coils with Gelfoam, hydrogel particles, 
SURGICEL, silk with Gelfoam, or glue ( n -butyl-
2-cyanoacrylate)  [  82 ,  83  ] .  

   Parenchymal Dysfunction 
 Acute functional renal injury occurs in approxi-
mately 20 % of patients undergoing percutaneous 
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renal artery intervention and is more likely in the 
presence of an unrepaired abdominal aortic aneu-
rysm (AAA), diabetes, and with preexisting renal 
disease. Transient acute renal dysfunction occurs 
in approximately 10 % of patients with peripheral 
arterial disease within 24 h after angioplasty; per-
sistent renal failure or end-stage renal disease is 
rare. Predictors of acute renal failure were hyper-
tension and congestive heart failure  [  84  ] . Other 
factors associated with transient renal dysfunction 
after any contrast-based intervention are preexist-
ing renal insuf fi ciency, non-insulin-dependent 
diabetes mellitus (NIDDM), hypoglycemic 
agents, and dehydration. The incidence of renal 
artery embolization varied from 1 to 8 %, with 
renal artery occlusion rates between 0.8 and 2.5 % 
 [  13  ] . Another series by Beutler reported that 8 % 
of patients showed clinical signs of cholesterol 
emboli, with at least 20 % of these patients expe-
riencing a decrease in renal function  [  85  ] . Acute 
functional renal injury is a negative predictor of 
survival and is associated with subsequent renal 
failure, need for dialysis, and death  [  86  ] .     

   Conclusion 

 Renal interventions for symptomatic arterial 
disease require a conscientious effort to apply 
stringent criteria to identify the patient that 
will respond. Careful technique and choice of 
intervention increase technical success and 
decrease perioperative events. While the pro-
cedures carry a relatively low mortality and 
morbidity, many complications have signi fi cant 
impact on survival and renal function. 
Functional bene fi t is presenting symptom 
dependent, and durability remains high for 
selected patients treated for hypertension and 
relatively low for those patients presenting 
with decreased renal function.      
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   Introduction 

 Aortoiliac occlusive disease (AIOD) results from 
atherosclerosis affecting the distal aorta and iliac 
arteries. Patients with AIOD are typically in their 

50s and typically present with buttock and thigh 
claudication. When these patients present with but-
tock claudication, impotence, and diminished fem-
oral pulses, this is referred to as Leriche syndrome 
 [  1  ] . Large collateral pathways develop in chronic 
aortic occlusion leading to claudication. The in fl ow 
for these collateral pathways comes from the supe-
rior mesenteric artery, lumbar, intercostals, and 
epigastric arteries (Fig.  15.1 ). Any compromise to 
these collateral pathways could lead to acute limb 
ischemia  [  2  ] . There are three types of AIOD pat-
terns. Type 1 is con fi ned to the aorta and proximal 
iliacs (5–10 %) of the cases. Type 2 extends to 
above the inguinal ligament (25 %), and type 3 
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  Abstract 

 Treatment of aortoiliac occlusive disease has evolved over the past 10 years. 
Endovascular intervention is becoming more popular than aortobifemoral 
bypass, even for total aortoiliac artery occlusions. Endovascular angioplasty 
and stenting is now the  fi rst line of therapy in many if not all hospitals depend-
ing on the extent of the atherosclerotic disease as well as the experience of the 
interventionalists. This popularity is due to high technical success, early return 
to activity, and short hospital stay. Aortobifemoral bypass has excellent long-
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extends below the inguinal ligament. Type 3 is the 
most common type occurring in more than 60 % of 
the cases with 6:1 male to female ratio. These 
patients due to the extensive atherosclerotic disease 
also have atherosclerotic disease in other vascular 
beds like the coronary and cerebral arteries and 
have poorer 10-year life expectancy compared to 
other patients with type 1 or 2.   

   Pathophysiology 

 The majority of risk factors associated with the 
development and progression of AIOD can be 
modi fi ed, except for age. Approximately 10 % 
of patients over 70 years have peripheral arterial 
disease (PAD). Other risk factors are cigarette 
smoking, hyperlipidemia, hypertension, and 
diabetes. Quitting smoking is the cornerstone of 
nonoperative therapy for AIOD. Continued 
smoking leads to progression of disease and 
amputation  [  3  ] , as well as cardiovascular dis-
ease progression  [  4  ] . 

 Like mentioned earlier, the majority of these 
patients present with claudication due to either 
AIOD or high-grade stenosis. Some patients 
present with blue toe syndrome due to distal 
embolization. Others might present with an acute 
or chronic picture. Low- fl ow state or disruption 
of the collaterals could result in acute ischemia.  

   Diagnosis 

 History and physical exam provides tremendous 
information about the location, severity, and 
extent of the vascular disease. Patients with AIOD 
will have diminished or absent pulses with but-
tock and/or thigh claudication. Initial investiga-
tion, in most patients, is the vascular laboratory 
exam with segmental arterial pressure and ankle-
brachial index. Some patients    with palpable 
pulses but a convincing history for AIOD should 
undergo either exercise treadmill testing or other 
noninvasive testing to further elucidate the 
pathology. 

 Angiography is still widely used in evaluating 
and treating patients with AIOD. It also helps in 
determining if the patient is best served by an 
endovascular procedure, open procedure, or both 
(hybrid procedure). Angiography has become a 
part of the therapeutic intervention rather than a 
diagnostic test. This has shifted mainly due to the 
enhancement in magnetic resonance angiography 
(MRA) and computed tomographic angiography 
(CTA). Both MRA and CTA are noninvasive and 
can provide enough information in preparing the 
patient for intervention. In a recent study, con-
trast-enhanced MRA was comparable to digital 
subtraction angiography in detecting hemody-
namically signi fi cant stenosis in patients with 
known AIOD. The contrast-enhanced MRA had 
a sensitivity of 80–88 % and speci fi city of 
73–92 %. Mean acquisition time was less than 
1 min  [  5  ] . In another study, MRA was able to 
show a patent and suitable pedal target for bypass 
in 38 % of cases not seen during conventional 
angiography  [  6  ] . The disadvantage for MRA is it 
cannot be used in patients with metallic implants 
like pacemakers and patients with claustropho-
bia. In addition, gadolinium should be avoided in 

  Fig. 15.1    Chronic distal aortic occlusion with large col-
laterals resulting in claudication       
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patients with renal insuf fi ciency due to the risk of 
nephrogenic systemic  fi brosis. 

 With the recent advances with the multidetec-
tor scanners, currently 128 and 256, CTA has 
been used more frequently as a noninvasive diag-
nostic tool. It    takes few minutes to scan from the 
aorta to the feet. A meta-analysis comparing CTA 
to conventional angiography  [  7  ]  revealed CTA as 
an adequate diagnostic tool in assessing arterial 
disease, especially in AIOD patients. Pooled sen-
sitivity was 92 % and speci fi city of 93 % in 
detecting stenosis >50 %. The main drawback of 
CTA is the ionizing radiation and the approxi-
mate use of 100 cc of contrast per CTA study that 
could cause contrast nephropathy. 

 Intravascular ultrasound (IVUS) is a modality 
used during an intervention rather than as an ini-
tial diagnostic tool. In a study where IVUS was 
used as an adjunctive tool in treating AIOD endo-
vascularly, IVUS was shown to improve long-
term patency of treated iliac arterial lesions. The 
main bene fi t was in identifying the appropriate 
angioplasty diameter as well as identifying the 
adequacy of stent deployment  [  8  ] .  

   Treatment 

 Indication for surgery is disabling or life-limiting 
claudication, rest pain, limb-threatening isch-
emia, and embolization. Otherwise aggressive 
medical management with graduated exercise 
program is recommended. 

 The decision to pursue an open or an endovas-
cular approach to treat AIOD depends on the 
extent of the atherosclerotic disease. A 
classi fi cation to help with this decision was put 
by the Transatlantic Intersocietal Commission 
(TASC)  [  9  ] . TASC A lesions are better treated 
with a catheter-based intervention, whereas TASC 
D lesions are best treated with a bypass. TASC 
lesions B and C remain controversial whether 
they should undergo stenting or surgical interven-
tion. New TASC guidelines recommend endovas-
cular intervention to be the  fi rst line of therapy for 
all AIOD. Surgical revascularization should be 
used for endovascular failures and unfavorable 
anatomy for endovascular intervention. These 

TASC IIb recommendations are still debated and 
remain unpublished at the time this chapter was 
written.  

   Balloon Angioplasty and Stenting 

   Technical Aspects 

 The technological advancement in percutane-
ous balloon angioplasty (PTA) balloon engi-
neering has introduced a variety of options to 
choose from based on the lesion characteristics. 
Compliant balloons allow for even pressure dis-
tribution along the dilated segment. The availabil-
ity of noncompliant and high-pressure balloons, 
in various lengths and diameters, offers a wide 
number of choices to treat long lesions and heav-
ily calci fi ed or occluded vessels. 

 For common iliac artery (CIA) lesions, retro-
grade ipsilateral approach is usually the  fi rst 
choice, unless there is occlusion with short stump 
or the lesion abuts the aortic bifurcation in which 
case contralateral approach is indicated to protect 
that proximal CIA side and obtain angiographic 
evaluation. Another option is bilateral femoral 
access and retrograde iliac artery stenting using 
the “kissing” technique. Occasionally, brachial 
approach would offer superior sheath support and 
“pushability” for  fl ush occlusions at the aortic 
bifurcation or very calci fi ed lesions. When there 
is a common iliac artery stump, “burying” the 
sheath and dilator in the stump seems to help 
facilitate wire entry into the occluded vessels. 

 Contralateral approach is also favorable for 
lesions extending to the distal external iliac artery 
(EIA), since the secure placement of a short 
sheath using ipsilateral retrograde approach 
would be challenging. 

 At our institution, we perform subintimal reca-
nalization for most if not all chronic iliac occlu-
sions using a Glidewire (Terumo Interventional 
Systems, Somerset, NJ) and an angled catheter 
for support. By tackling iliac occlusion from a 
brachial approach (antegrade) and/or femoral 
(retrograde) approach, we are able to achieve 
technical success in most cases and very rarely 
require the use of “reentry” devices. 
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 The availability of various “reentry” devices can 
be of great importance in recanalization of chronic, 
sclerotic arterial occlusions. These devices are 
designed to facilitate luminal reentry under 
 fl uoroscopy or intravascular ultrasound and decrease 
the risk of dissection in the normal vessel that would 
complicate the procedure. However, not all hospi-
tals carry these devices on their shelves because of 
their rare use, and they can be expensive. 

 The use of bare-metal stents to scaffold the 
vessel wall is applied in cases of residual stenosis 
(>30 %), rest gradient (>10 mmHg),  fl ow-limiting 
dissection, ulcerative plaques showering distal 
emboli, and recanalization of occluded vessels. 
The two main categories of bare-metal stents are 
balloon-expandable and self-expandable. The 
 fi rst are premounted on a balloon and introduced 
into the lesion through sheath coverage to avoid 
dislodgment of the stent. The sheath is pulled 
back once positioning is satisfactory, and the 
stent is deployed under  fl uoroscopic guidance. 
Self-expanding stents (stainless steel or nitinol 
alloy) are already covered with a sheath and, thus, 
can be introduced into the lesion directly. Pulling 
back the sheath allows the stent to deploy in a 
coil-like fashion causing slight foreshortening of 
the stent. This difference in deployment and the 
mechanical characteristics of the two stent types 
render the balloon-expandable stents more pre-
cise in placement, more visible under  fl uoroscopy, 
and apply better radial force while treating short, 
ori fi cial lesions. These balloons could cause rup-
ture in tortuous vessels like the external iliac 
artery. On the other hand, self-expandable stents 
are  fl exible and available in longer sizes, there-
fore, are preferable in treating long lesions and 
tortuous vessels (Figs.  15.2  and  15.3 ).    

   Results 

 The therapeutic dilemma whether to perform PTA 
alone or PTA with stenting was addressed in a meta-
analysis by Bosch and Hunink  [  10  ] . The authors 
reviewed the results of studies reported in the litera-
ture (total of 2,116 patients) and found that techni-
cal success was higher for stenting, with comparable 
complication and 30-day mortality rates. In patients 

with claudication, 4-year primary patency rates 
after PTA were 65 % for stenoses versus 54 % for 
occlusions and were 53 % for stenoses versus 44 % 
for occlusions to treat critical limb ischemia. 
Following stent placement, these rates were 77 % 
for stenoses versus 61 % for occlusions to treat 
claudication and 67 % for stenoses versus 53 % for 
occlusions to treat critical ischemia. Overall, the 
risk of long-term failure was reduced by 39 % after 
stent placement compared with PTA. 

 Stenting alone was compared to PTA with 
selective stenting in a prospective randomized 
multicenter study  [  11  ] . Outcomes between the 
two methods were similar with 2-year reinter-
vention rates of 7 and 4 % for PTA and primary 
stenting, respectively. At 5 years, the outcomes 
between primary stenting and PTA with selective 
stenting were also similar with 18 and 20 % of 

  Fig. 15.2    This patient presented with disabling right leg 
claudication that was treated with bare-metal stent to pre-
serve the right internal iliac artery (Fig.  15.3 ) via brachial 
approach       
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the treated iliac artery segments, respectively, in 
need of reintervention  [  12  ] . Risk of cardiovascular 
complication and death was also similar in both 
groups. 

 In a retrospective study, Leville and colleagues 
presented their experience with PTA/stenting 
treatment for complex aortoiliac disease  [  13  ] . 
The authors reported three-year primary patency, 
secondary patency, and limb salvage rates at 76, 
90, and 97 %, respectively. They concluded that 
TASC C and D lesions could be safely treated via 
endovascular approach with good midterm pat-
ency rates and low morbidity.   

   Stent Grafts 

 There has been increasing interest in the appli-
cation of stent grafts beyond aneurysmal disease 
to include selected aortoiliac occlusive cases. 

High-risk patients with combination of aneurys-
mal and occlusive disease, small-diameter or 
severely calci fi ed vessels, symptomatic aortic or 
iliac ulcerations, and patients that had endovas-
cular intervention complicated with perforation 
and arteriovenous  fi stulae or frank extravasation. 
In the USA, available devices include balloon-
expandable or self-expandable stents covered 
with polytetra fl uoroethylene (PTFE) or Dacron 
material  [  14–  16  ] . 

   Technical Aspects 

 After crossing the area of stenosis and verifying 
luminal reentry in cases of obstruction, as described 
earlier in this chapter, device selection is made 
based on the location, extent, and anatomy of the 
area treated. For ori fi cial lesions involving the 
CIA, there is a preference for balloon-expandable 
covered stents due to the superior radial force and 
precision in deployment of these devices. For long 
occlusive lesions located in rather tortuous vessels, 
i.e., EIA, self-expandable stent grafts are prefera-
ble due to the  fl exibility and length of available 
devices. In cases of more extensive occlusive seg-
ments involving the aortic bifurcation or infrarenal 
aorta, the use of bifurcated stent grafts has emerged 
as a viable alternative to open surgery. Selection of 
bifurcated devices is made based on the same ana-
tomic criteria and limitations used for aneurysmal 
disease, keeping in mind that the limited diameter 
of distal infrarenal aorta might pose a technical 
challenge for the contralateral gate cannulation 
required in modular bifurcated device. In such 
cases, using the Powerlink unibody bifurcated 
endograft (Endologix, Inc., Irvine, California) 
simpli fi es the procedure since there is no need for 
gate cannulation (Figs.  15.4  and  15.5 ).   

 A variety of techniques have been described, 
both endovascular and open, to facilitate the intro-
duction of aortic stent grafts  [  17  ] . Angioplasty alone 
may be successful in patients with isolated iliac 
artery stenoses but may not be enough in patients 
with diffusely stenotic and calci fi ed arteries. In 
heavily diseased vessels, the risk of rupture is 
increased. At this stage, the methods of relining the 
iliac arteries with covered stents prior to aggressive 

  Fig. 15.3    Patient had palpable bilateral pedal pulses at 
the end of the case       
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dilatation may be a safer approach. Once the cov-
ered stents are deployed along the length of the dis-
eased iliac arteries, angiography should be 
performed to assess patency and possible extravasa-
tion. In addition, the introduction of larger delivery 
systems for bifurcated devices is now possible, if 
needed, to treat more proximal lesions.  

   Results 

 The role of endovascular grafts has been studied 
by Ali et al. in high-risk patients with TASC C 
and D aortoiliac disease  [  18  ] . The authors 
reported 84 % primary patency at 2 years and 
95 % limb salvage rate. All patients had hemody-
namic improvement, and there was no mortality 

at 30 days. In 6 out of 22 patients, a concomitant 
infrainguinal out fl ow procedure was performed. 

 Short-term results have been reported by 
Rzucidlo et al. in patients with TASC C and D 
lesions  [  14  ] . One-year primary and primary-
assisted patencies were 70 and 88 %, respectively, 
with hemodynamic and clinical improvement in 
all patients. Also, patients that underwent con-
comitant common femoral endarterectomy had 
improved one-year primary patency rate. Lammer 
and colleagues  [  19  ]  reported their experience 
with self-expanding stent grafts in iliac arteries, 
with primary patency rates at 98 and 91 % at 6 
and 12 months, respectively. Secondary patency 
rates were 95 % at 12 months after treatment. 

 In a prospective randomized trial, covered 
stents were evaluated in treatment of severe iliac 
stenoses and occlusions. Primary patency rates for 
iliac arteries were 94.3 % at 6 months and 90.7 % 
at 12 months  [  20  ] . In another prospective study, 

  Fig. 15.4    Patient with symptomatic aortic and iliac ath-
erosclerotic disease with 25 mmHg gradient across the 
aortic lesion ( arrow    ). Resolution of aortoiliac stenosis and 
symptoms after deploying Powerlink endograft (Fig.  15.5 ) 
percutaneously       

  Fig. 15.5    Successful resolution of aortoiliac atheroscle-
rotic disease. The advantage of this stent graft is snaring 
the contralateral limb rather than trying to cannulate the 
gate when using a modular bifurcated graft       
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the 2-year patency of covered balloon-expandable 
kissing stents for atherosclerotic aortic bifurca-
tion occlusive disease was superior to bare-metal 
balloon-expandable stents  [  15  ] . 

 Bifurcated endoprosthesis was evaluated for 
treatment of TASC C or D iliac disease  [  21  ] . All 
aortoiliac reconstructions were patent at 
17 months, and no mortality or amputation 
occurred during that time. 

 Long-term results for the treatment of aortoil-
iac occlusive disease using stent grafts and com-
mon femoral endarterectomy have been reported 
 [  22  ] . At 5 years after intervention, the primary, 
primary-assisted, and secondary patencies were 
60, 97, and 98 %, respectively. The authors con-
cluded that the use of stent grafts compared with 
bare stents is associated with improved primary 
patency.   

   Hybrid Procedures 

 The    combination of open and endovascular 
approach termed as hybrid technique has been 
used to treat aortoiliac lesions combined with 
signi fi cant common femoral artery (CFA), pro-
funda femoris artery (PFA), and super fi cial femo-
ral artery (SFA) disease. In such cases, 
endarterectomy and patch angioplasty of the 
femoral arteries follows successful endovascular 
treatment of aortoiliac stenoses or occlusions. 
Based on preoperative imaging, these are selected 
patients that would bene fi t from additional 
infrainguinal procedure to improve out fl ow. 
Occasionally, an infrainguinal bypass may be 
needed at the same time with the endovascular 
iliac procedure in patients with critical limb 
ischemia. 

   Technique 

 Longitudinal exposure of the CFA, PFA, and SFA 
is usually required depending on the extent of dis-
ease and planned reconstruction. Retrograde 
puncture of the CFA and crossing of the ipsilat-
eral iliac lesion is attempted  fi rst, using the tech-
niques described previously. Alternatively, 

contralateral percutaneous femoral or brachial 
approach could be used in challenging lesions, 
bringing out the guidewire through the exposed 
CFA. All exposed vessels are controlled, and 
standard endarterectomy of the involved segments 
is performed followed by patch angioplasty as 
needed. The endarterectomy should extend as 
proximal to the inguinal ligament as possible via 
the current exposure to facilitate the stent place-
ment in the EIA and sometimes into the femoral 
patch angioplasty. The wire is protected medially 
as it comes out of the proximal lumen to facilitate 
the endarterectomy procedure. Prior to complet-
ing the patch closure, all out fl ow vessels are 
 fl ushed along with the in fl ow if not occluded from 
disease. The wire is brought out through the patch, 
closure is completed, and all clamps released. A 
sheath is passed over the wire through the patch, 
and the in fl ow is treated in an endovascular fash-
ion as described previously. The stent is posi-
tioned to end at the proximal endarterectomy 
endpoint, without crossing the inguinal ligament. 

 Another technique would be to perform an 
EIA to PFA bypass and stent the CIA lesion into 
the bypass to establish in-line  fl ow (Figs.  15.6  
and  15.7 ).   

 An additional infrainguinal bypass procedure 
can be carried out at the same or later time, with 
or without femoral endarterectomy, based on the 
extent of out fl ow disease, the clinical condition 
of the patient, and the clinical condition of the 
treated limb.  

   Results 

 Hybrid revascularization procedures for lower 
extremity occlusive disease have been compared 
to both endovascular and open alternatives  [  23  ] . 
The authors reported comparable patency rates at 
36 months follow-up between all three groups 
but higher limb salvage rates for the hybrid group 
in patients with critical limb ischemia. Although 
overall survival was similar in all groups, the 
patients in the hybrid group had signi fi cantly 
higher 30-day myocardial infarction/death rate, 
possibly because that group had higher-risk 
patients. 
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 Early results of combined common femoral 
endarterectomy and iliac artery stenting have also 
been reported  [  24  ] . In this retrospective series, 
the rates for 1-year primary patency and primary-
assisted patency were 84 and 97 %, respectively, 
without any perioperative mortality. 

 Encouraging midterm results for hybrid pro-
cedures in patients with TASC D lesions have 
also been reported  [  25  ] . Primary patency rates 
were 94, 70, and 70 % at 6, 12, and 24 months, 
respectively, with primary-assisted patency rates 
up to 94 % and limb salvage rate of 100 % at 
24 months. Survival was 88 % at 2 years. The 
authors reported better primary patency rates in 
patients with intermittent claudication compared 
to patients with critical limb ischemia.   

   Ideal Stent 

 The ideal stent is the stent that results in no acute 
and long-term restenosis. It is the stent that can be 
delivered and deployed with minimal intimal 
trauma resulting in minimal thrombogenic 
response. Biodegradable and bioabsorbable stents 
are gaining popularity over metallic stents with or 
without drug elution. As important are proper stent 
to artery sizing and wall apposition, which are cru-
cial to improve long-term stent patency  [  8  ] .  

   Conclusion 

 Historically, aortobifemoral bypass has been 
the gold standard for treating AIOD. Due to 
the advances in endovascular technology, the 
number of these bypasses has trended down 
due to an increase in endovascular intervention 
 [  26  ] . In order to achieve excellent long-term 

  Fig. 15.6    This patient was referred for aortobifemoral 
bypass due to severe iliac disease and bilateral common 
femoral artery occlusion and L big toe ulcer. He was 
treated utilizing a hybrid approach and in a staged fashion, 
left leg  fi rst. This angiogram shows an interposition graft 
from the external iliac artery to the profunda artery 
( arrow ). Then a retrograde stent graft was placed from the 
iliac artery into the bypass, and another bypass was per-
formed to the above-knee popliteal artery (Fig.  15.7 )       

  Fig. 15.7    Successful resolution of the iliac disease with 
establishment of in-line  fl ow to the foot to help heal the 
big toe ulcer       
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assisted patency of iliac stenting, a careful 
consideration of geometric variables related to 
the aortoiliac anatomy, the pathology, as well 
as the stenting con fi guration is bene fi cial  [  27  ] . 
Even though iliac stenting has excellent short- 
and long-term results and can be combined 
with hybrid procedures, aortobifemoral bypass 
is still considered an excellent alternative in 
treating AIOD  [  26  ] . A particular subgroup of 
the AIOD patients,  fl ush aortic occlusion at the 
level of the renal arteries, remains a challenge 
for interventionalists. This group of patients 
is not necessarily technically challenging but 
more so the risk of renal artery embolization 
or pushing the thrombus into the renal ori fi ce 
during stenting and angioplasty.      
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  Abstract 

 The treatment of peripheral arterial disease (PAD) has witnessed a 
remarkable evolution in the past two decades. While endovascular therapy 
has become well established as a primary treatment modality in aortoiliac 
occlusive disease, transcatheter treatment of infrainguinal occlusive 
disease remains controversial. The availability of a wide range of therapeu-
tic options and devices applicable to infrainguinal interventions has resulted 
in a dramatic increase in the number of peripheral endovascular procedures 
over the past decade, with a staggering reported 979 % growth in peripheral 
vascular interventions reported since 1995. Despite this remarkable growth 
and increasing acceptance, many questions remain unanswered regarding 
the indications, choice of device/technique, clinical ef fi cacy, long-term 
outcome, and cost-effectiveness of the available competing modalities. 
These decisions are also compounded by intense and often con fl icting mar-
keting efforts by the industry in the current competitive market. With the 
scarcity of randomized controlled trials, much of the published reports for 
newer endovascular technologies rely primarily on immediate angiographic 
outcomes and target limb revascularization (TLR) data. The following text 
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is meant to provide an overview over current treatment options, technolo-
gies, and devices based on available evidence and the experience and opin-
ions of the authors. The endovascular surgeon must be familiar with all the 
available treatments for PAD in order to continue to manage these patients 
amidst the increasingly complex health-care environment.  
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   Introduction 

 The treatment of peripheral arterial disease (PAD) 
has witnessed a remarkable evolution in the past 
two decades. While endovascular therapy has 
become well established as a primary treatment 
modality in aortoiliac occlusive disease, tran-
scatheter treatment of infrainguinal occlusive 
disease remains controversial. The availability of 
a wide range of therapeutic options and devices 
applicable to infrainguinal interventions has 
resulted in a dramatic increase in the number of 
peripheral endovascular procedures over the past 
decade, with a staggering reported 979 % growth 
in peripheral vascular interventions reported 
since 1995  [  1  ] . Despite this remarkable growth 
and increasing acceptance, many questions 
remain unanswered regarding the indications, 
choice of device/technique, clinical ef fi cacy, 
long-term outcome, and cost-effectiveness of the 
available competing modalities. These decisions 
are also compounded by intense and often 
con fl icting marketing efforts by the industry in 
the current competitive market. With the scarcity 
of randomized controlled trials, much of the pub-
lished reports for newer endovascular technolo-
gies rely primarily on immediate angiographic 
outcomes and target limb revascularization (TLR) 
data. The following text is meant to provide an 
overview over current treatment options, tech-
nologies, and devices based on available evidence 
and the experience and opinions of the authors. 
The endovascular surgeon must be familiar with 
all the available treatments for PAD in order to 
continue to manage these patients amidst the 
increasingly complex health-care environment.  

   Prevalence and Clinical Manifestation 
of PAD 

 Although PAD is a common disease, symptoms 
vary and the majority of patients do not need 
treatment  [  2  ] . Thorough clinical and noninvasive 
evaluation of patients prior to angiography is 
important. Treatment should not only be based on 
anatomic criteria (i.e., the presence of occlusive 
disease) but more importantly on clinical ground 
as well as the anticipated treatment outcome. 
Patients who initially present with symptomatic 
PAD will likely return again with another vascu-
lar event  [  3  ] . It could not be overemphasized that 
once a patient presents with PAD, an effort should 
be made to reduce associated cardiovascular risk 
factors. The two most common risk factors for 
PAD are smoking and presence of diabetes. 
Unfortunately, it is often uncommon for patients 
to get appropriate risk factor modi fi cations, treat-
ment, and follow-up  [  4  ] . 

 The prevalence of PAD based on noninvasive 
testing is age-dependent (2.5 % in patients <60 years 
of age, 13 % at ages 65–69, 16 % at ages 70–74, and 
22 % at age > 75  [  5  ] ). In the USA,  fi ve million peo-
ple suffer from intermittent claudication, the most 
common clinical disease presentation of PAD. The 
underlying mortality due to the cardiovascular risk 
pro fi le in this patient population is close to 50 % in 
10 years  [  6 ,  7  ] . Multisegment arterial involvement 
is present in 20 % of patients with intermittent clau-
dication, and intermittent claudication is  fi ve times 
more common in diabetics than in nondiabetics. 
Since many patients are asymptomatic, the preva-
lence of PAD is higher than the prevalence of clau-
dication or other signs of PAD  [  7  ] . 



21516 Femoropopliteal Endovascular Interventions

 Chronic critical limb ischemia (CLI) is the 
progression of intermittent claudication with per-
sistently recurring rest pain for more than 2 weeks, 
ulceration, or gangrene at the foot, with an ankle 
systolic pressure less than 50 mmHg (Fontaine III 
and IV, Rutherford 4–6)  [  8  ] . In this stage, multi-
level arterial disease involvement is common. 
Approximately 5 % of patients with IC will prog-
ress to CLI over the next 5 years, and the incidence 
of CLI is estimated at 1 new patient per 1,000 pop-
ulation per year  [  9  ] . The majority of patients with 
CLI will undergo some form of revascularization 
procedure, and 50 % will eventually require major 
amputation. The mortality rate of patients with 
CLI is up to 70 % at 5 years  [  10  ] .  

   Patient Selection and Clinical 
Indications 

 The ideal management of patients with intermittent 
claudication remains controversial. Randomized 
clinical trials comparing revascularization with 
bypass surgery or percutaneous transluminal angio-
plasty (PTA) to exercise found bene fi t of supervised 
exercise programs with or without revasculariza-
tion  [  11 ,  12  ] . Risk factor control with smoking 
 cessation and a monitored exercise program can 
yield improvement or stabilization of their walking 
 distance within 6–12 months in 75 % of patients 
 [  13 ,  14  ] . The remaining 25 % of these patients will 
usually deteriorate to severe chronic ischemia, with 
the likelihood for amputation in 5 or more years 
being approximately 10 %. The best predictor of 
deterioration of PAD is an ABI < 0.5. Supervised 
exercise programs have a de fi nite advantage. The 
Cochrane Central Register of Controlled Trials 
reported an analysis of eight studies which showed 
statistically signi fi cant and clinically relevant dif-
ferences in improvement of maximal treadmill 
walking distance with supervised exercise therapy 
compared with nonsupervised exercise therapy 
regimens  [  15  ]  which translated to a difference of 
approximately 150 m increase in walking distance. 
This has been con fi rmed by a recent randomized 
controlled trial comparing supervised exercise, 
angioplasty, and combined therapy in patients with 
intermittent claudication  [  16  ] . 

 Percutaneous treatment of infrainguinal disease 
in the claudicant depends on severity of symp-
toms, age, comorbidities, cardiovascular risk fac-
tors, and other issues  [  17–  19  ] . Any proposed 
intervention should be associated with minimal 
risk and provide acceptable durability. 

 The incidence of patients with CLI is increas-
ing, and approximately 50 % will indeed receive 
some type of revascularization. These patients 
often have severe multilevel atherosclerotic and 
infrapopliteal disease. The TransAtlantic Inter-
Society Consensus of management of peripheral 
arterial disease (TASC) working group recom-
mendation on the management of PAD is a com-
prehensive document and should be referred to as 
an important reference on patient selection and a 
guide for the various treatment modalities  [  19  ] . 
The TASC II document re fl ects an increased role 
for endovascular therapy in the infrainguinal seg-
ment including longer and more calci fi ed lesions.  

   Procedural Considerations 

   Anatomic Considerations 

 In femoropopliteal segments, the TASC II docu-
ment introduces useful guidelines for selecting 
between percutaneous and surgical treatment as 
follows (Fig.  16.1 ).  

 Recently, another clinical practice guideline for 
the diagnosis and treatment of patients with PAD 
has been completed by the American College of 
Cardiology (ACC) and American Heart Association 
(AHA) Task Force, with input from the Society for 
Vascular Surgery and Society of Interventional 
Radiology, and includes recommendations with 
different levels of scienti fi c evidence. The goal of 
this comprehensive document is to signi fi cantly 
improve the care for patients with PAD. The  fi nal 
version can be downloaded at   www.ACC.org/clin-
ical/guidelines/PAD/index.pdf      [  18  ] .  

   Procedure Planning 

 Careful planning is critical before undertaking an 
infrainguinal intervention. Unlike aortoiliac 

http://www.ACC.org/clinical/guidelines/PAD/index.pdf
http://www.ACC.org/clinical/guidelines/PAD/index.pdf
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interventions which can usually be planned “on 
the go,” femoropopliteal interventions require 
prior knowledge of the patient’s unique vascular 
anatomy to allow selection of approach and punc-
ture site (antegrade, retrograde, or brachial) or the 
need for a hybrid approach (e.g., combination 
with an open common femoral artery repair). 
Prior knowledge of the presence of a chronic total 
occlusion (CTO) is important because it mandates 
a strategy for recanalization. Important anatomic 

features include proximal and distal levels of the 
occlusion, caliber and proximity of the proximal 
and distal stumps to important side branches such 
as the profunda femoris and popliteal trifurcation, 
proximity to joints and known  fl exion points, and 
quantity and quality of calci fi cations. Distal run-
off baseline status as well as the exact pattern of 
collaterals is also very important to assess. 
Knowledge of the patient’s prior vascular history 
and prior procedures/operations is mandatory as 
well as his/her general cardiovascular health. It is 
also crucial to be aware of the patient-speci fi c 
body habitus and location of the common femoral 
artery bifurcation as it pertains to the bony land-
mark as this could impact the safety of the inter-
vention. The need for a device closure strategy 
should usually be established periprocedurally.  

   Vessel and Device Sizing 

 Vessel sizing is an important component of plan-
ning infrainguinal interventions and may, in fact, 
further improve outcome  [  20  ] . Oversizing of the 
angioplasty balloon or stent can result in thrombo-
sis and vessel injury including dissection. Stent 
undersizing is equally problematic because of the 
high risk of thrombosis and restenosis due to lack 
of wall opposition and decreased overall lumen 
diameter. Stent oversizing of 10–20 % is consid-
ered optimal in the SFA. Excessive sizing should 
be avoided with stent grafts due to the risk of fab-
ric infolding which can result in early failure or 
edge restenosis  [  21  ] . Stent oversizing is also prob-
lematic with devices of higher radial strength, such 
as the SUPERA stent (IDEV, Webster, TX) which 
should not be oversized at all, whereas oversizing 
other devices such as Zilver (Cook, Bloomington, 
IN) or Control (Cordis, Miami, FL) may be better 
tolerated (do we need a reference for this). With 
plain PTA, proper oversizing is also an important 
key to success although it requires a delicate bal-
ance in order to avoid overdilation and vessel 
injury. In general, 10–25 % overdilation relative to 
adjacent “normal” segment is desired. Less over-
dilation is usually used with cutting balloons 
(up to 10 %)  [  22  ] . When sizing a vessel, a variety 
of approaches are valid, including the use of 

a

b

c

d

  Fig. 16.1    TASC-II recommendation based on lesion 
location and type for the femoropopliteal segment (Class 
 a : endovascular therapy is treatment of choice; Class  b : 
endovascular therapy is preferred; Class  c : surgical ther-
apy should be considered for low-risk patients; Class  d : 
surgery is the treatment of choice)       
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 external radiopaque ruler or the now widely 
 available automatically calibrated measuring tools 
available in most modern angiographic equipment. 
We have also found sizing on CTA and MRA 
source images quite helpful. Another way to size 
vessels in dif fi cult anatomy is the use of the pre-
dilation balloon diameter as a reference. Inaccurate 
sizing can be due to inexperience of the operator, 
use of excessive magni fi cation, poor  fi lling on the 
angiogram, excessive calci fi cation, and reliance on 
single projection angiography. IVUS is perhaps 
one of the most accurate and reliable sizing meth-
ods which also provides valuable information about 
the plaque burden and morphology  [  23  ] . Other 
helpful sizing tools include the small-vessel-sizing 
balloon Libra (Neovasc, British Columbia, Canada) 
capable of sizing vessels from 1.8 to 4.0 mm to the 
100th mm  [  24  ] .  

   Traversal of the Stenotic Lesion 

 Traversal of stenotic, not totally occlusive, lesions 
is best accomplished using a roadmap  fl uoroscopy 
technique or an overlay option. It requires careful 
navigation using a high-torque directional cathe-
ter-guidewire system and relies on constant tac-
tile feedback by the operator. Gentle and 
controlled technique is paramount while attempt-
ing to traverse a stenosis, especially when irregu-
lar and complex in morphology, in order to avoid 
embolization, dissection, or perforation. The 
temptation to use a hydrophilic guidewire system 
 fi rst must be avoided because of the propensity of 
subintimal passage. Stenotic lesions can be tra-
versed using a 0.014- to 0.035-in. guidewire 
introduced through a curved-tip catheter of an 
appropriate length. Our preferred choice is a 100-
cm multipurpose curve (MPA) with a coaxial 
TAD II or Wholey 0.035-in. wire (Mallinckrodt, 
St Louis, MO), although we have also used 0.014- 
and 0.018-in. systems.  

   Chronic Total Occlusions (CTO) 

 Chronic total occlusions (CTOs) are a common 
occurrence in peripheral arterial disease. SFA 

and popliteal disease is one of the most prevalent 
patterns of infrainguinal involvement, especially 
in nondiabetics and nonelderly patients  [  25–  27  ] . 
SFA interventions are challenging for a number 
of reasons: The SFA is one of the longest vessels 
in the body, has relatively few collaterals, courses 
through a narrow and restrictive adductor hiatus, 
is subjected to repetitive complex axial and rota-
tional stresses (compression, contraction, distrac-
tion, torsion,  fl exion), has nonlaminar  fl ow 
dynamics, and often has stenoses characterized 
by heavy calci fi cations and elastic recoil. This 
translates into higher rates of recurrence after 
endovascular interventions. In patients present-
ing with symptomatic PVD, SFA occlusions, 
usually longer than 10 cm, are twice more com-
mon than stenosis  [  19 ,  25  ] ; therefore, familiarity 
in the management of CTO of SFA is crucial. 
Moreover, CTOs in the SFA are more prone to 
dissection and failure to reenter the true lumen 
especially in the presence of heavy calci fi cations. 
Other problems are  fl ush occlusion of the SFA 
without a visible stump or presence of severe dis-
ease of the SFA ostium. The TransAtlantic Inter-
Society Consensus (TASC) II guidelines classify 
CTOs of the femoropopliteal arteries and proxi-
mal trifurcation vessels as TASC II type C or D 
 [  28  ] . Although surgery has been the traditional 
recommendation for the treatment of TASC II 
type C and D lesions, many “vascular specialists” 
have adopted a more aggressive approach 
bene fi ting from improved technology and devices 
allowing a high success rate in traversal of CTOs, 
with recanalization rates of up to 97 % achieved 
in limbs with TASC II type femoropopliteal C 
and D occlusions  [  29  ] . Recent data suggest that 
claudicating patients with femoropopliteal TASC 
II C and D lesions will bene fi t from the endovas-
cular treatment, although patients presenting CLI 
have a worse outcome  [  29  ] . 

 Careful planning is crucial for success in the 
endovascular management of infrainguinal dis-
eases especially when femoropopliteal CTO is 
present. The length of the occlusion, proximal 
and distal stump diameters, presence of 
calci fi cation, collaterals, and status of the runoff 
are determined. The presence of a stump has 
to be con fi rmed on the proper steep oblique 
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position. Certain anatomic variants must be 
excluded such as a large medial profunda branch 
that can arise from the medial aspect of the SFA 
and may overlap with the SFA on shallow projec-
tions. This greatly limits the options for therapy. 
In our practice, the need to cage the profunda or 
a major profunda branch during SFA stenting is 
considered a contraindication. One option in 
those cases is to resort to a hybrid procedure 
where the CFA-profunda disease is treated with 
endarterectomy/patch angioplasty. During that 
procedure, we create a 2–3-cm landing zone in 
the proximal SFA by eversion endarterectomy 
following which stenting could be undertaken 
without compromising the profunda. 

 There are two primary strategies for CTO 
crossing: intraluminal and subintimal. Careful 
pre-procedural planning is important to deter-
mine whether an intraluminal or subintimal strat-
egy should be selected for the traversal of the 
lesion. For example, dense femoral calci fi cation 
can serve as a relative contraindication for subin-
timal stenting because this can affect the eventual 
result (Fig.  16.2 ). Revascularization should also 
take into account the size and pattern of distal 
 fi lling of collaterals, and when a stent-graft treat-

ment plan is chosen, it should be planned to limit 
collateral compromise to avoid catastrophic isch-
emia in the event of interventional failure or 
reocclusion.   

   Percutaneous Intentional Extraluminal 
Recanalization 

 The technique of percutaneous intentional 
extraluminal recanalization (PIER) also some-
times referred to as subintimal recanalization was 
 fi rst described and popularized by Bolia et al. 
 [  30  ] . This technique can be used primarily or as a 
bailout in the case of failed intraluminal recanali-
zation. PIER involves the following steps: (1) 
entry into the subintimal space proximal to an 
occlusion, (2) creation of a tissue plane within 
the arterial wall, (3) reentry into the patent arte-
rial lumen at the point of reconstitution beyond 
the occlusion, and (4) balloon dilatation to pres-
surize the lumen created in the subintimal space 
to bridge the true lumen proximal and distal to 
the lesion. Successful subintimal revasculariza-
tion is dependent on the effective traversal of the 
lesion, reentry into the true lumen at the most 

  Fig. 16.2    Basic technique of percutaneous intentional 
extraluminal recanalization (PIER) also referred to as sub-
intimal recanalization. The distal glide-wire is formed into 
a loop in the subintimal space. It is advanced  fi rmly, acting 
as an endarterectomy dissector. Successful reentry into the 

true lumen usually occurs at the area of transition into a 
relatively disease-free lumen. Rapid drop in resistance can 
be immediately appreciated, and the loop then sails into 
the reconstituted distal lumen. The importance of experi-
ence and tactile feedback cannot be overemphasized       
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proximal, disease-free portion of the vessel, and 
the subsequent ability of balloon angioplasty to 
establish antegrade  fl ow through the newly cre-
ated lumen. 

 Despite increasing familiarity with this tech-
nique in name, the way it is described is often 
vague, and hence its application is quite variable 
among operators, which likely explains the vari-
able success rates with it. The technique draws 
striking similarity to the surgical technique of 
endarterectomy in that the key to success is being 
in the proper plane. Surgeons who perform 
endarterectomy recognize this plane as an outer 
medial layer where the plaque simply peels off. 
During endovascular recanalization, this is also 
the plane where one gets to, either intentionally 
or unintentionally; the looped wire sails forward 
with relative ease. A looped glide-wire in the 
subintimal space acts much like the freer 
elevator- dissector, and successful reentry into 
the lumen depends upon the presence of rapid 
transition between heavy disease burden and 
relatively disease-free segment. Much like one 
can terminate the endarterectomy at this transi-
tion point during open carotid (most other endar-
terectomies like common femoral may end with 
a shelf distally) endarterectomy, one can force 
through the thin plaque covering the edge of the 
plaque with coiled wire loop (Fig.  16.2 ). 

 Reentry into the true lumen too distal to the 
occlusion can present a number of problems by 
compromising patency of important collaterals or 
side branches, or traversing  fl exion points or 
joints, which may limit surgical options for treat-
ment. It is important to carefully review pre- 
procedural vascular imaging, as well as to obtain 
delayed angiographic images, to ascertain the 
actual point of reconstitution through collaterals 
to prevent overestimation of the lesion length. In 
cases where true lumen reentry is not feasible, 
such as in heavily calci fi ed vessels, poor subinti-
mal plane, or extensive plaque at the desired 
reentry location, one might try reentering at a dif-
ferent location in the hope of achieving a better 
transition point that enables breakthrough into 
the true lumen. If this fails, then the remaining 
options consist of sharp reentry techniques using 
either homemade systems or the more expensive 

reentry devices  [  31  ] . False channel balloon dila-
tation to allow breakthrough into the lumen can 
occasionally be helpful. Another option may be 
to attempt retrograde transpopliteal or transcrural 
recanalization  [  32 ,  33  ]  which can also be accom-
plished using a micro-wire system with a snare 
docking technique. It is crucial when performing 
CTO recanalization to have a stable access that 
limits recoil. Antegrade access is ideal but not 
always feasible. If over-the-horn access is cho-
sen, a stable, long, kink-resistant platform is 
desired, such as a 6-French 70-cm long Raabe 
sheath (Cook) or a similar product. In case of 
dif fi cult anchoring with the sheath, a coaxial 
guide catheter technique or anchoring balloon 
technique may be used. Avoiding excessive for-
ward pressure during PIER is important for pre-
venting unintentional extraluminal passage of the 
guidewire into the perivascular space or fascial 
planes. If this occurs, it may be dif fi cult or impos-
sible to regain an intraluminal position for tra-
versal of the lesion. 

 PIER is a particularly viable primary technique 
in patients with CLI who have long-segment 
(>30 cm) occlusions of infrainguinal vessels, 
including ostial disease, and occlusions extending 
to tibial vessel origins (TASC-D). Clinically, the 
biggest impact of subintimal angioplasty is in 
chronic critical limb ischemia (CLI). Subintimal 
angioplasty is at some centers the  fi rst-line treat-
ment in CLI for up to 65 % of patients can be 
managed with this method without the need for 
surgery and reported 5-year limb salvage rates of 
72.9 % comparing well to bypass surgery  [  34  ] . 
Initial technical success rates of 80–85 % have 
been reported using PIER with 50–58 % primary 
patency at 3 years for lesions of a mean length of 
11–15 cm  [  35  ] . The length of occlusion does not 
have a major in fl uence on the technical success or 
reocclusion rates. The lack of randomized 
trials to compare PIER to surgical bypass or 
conventional PTA and the requirement for 
advanced technical skills and experience by the 
operator limit this technique to select centers and 
mostly to patients with CLI who are nonsurgical 
candidates. The ability of this technique to achieve 
limb salvage in CLI is remarkable, and it may also 
serve as a bridge prior to electively planned 
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surgery. Collective review of 23 studies reporting 
on a total of 1,549 patients treated with PIER was 
recently published. The technical success rates 
ranged from 80 to 90 %, with lower rates for cru-
ral lesions compared with femoral lesions. 
Complications were mostly minor and ranged 
from 8 to 17 %. Outcomes at 1 year were favor-
able with sustained clinical response between 50 
and 70 %, primary patency around 50 %, and limb 
salvage rate from 80 to 90 %  [  36  ] . The most com-
mon complication during PIER was perforation of 
the arterial wall, which can occur in 3 % of cases 
 [  37 ,  38  ]  and is usually of little signi fi cance other 
than the fact that the PIER procedure usually will 
have to be abandoned. If perforation complicated 
balloon dilation following recanalization, this can 
normally be managed by prolonged balloon tam-
ponade, or adjunct stenting or stent grafting. 
Although guidewire perforations will generally 
seal, the unrecognized passage of a catheter or 
balloon outside of the artery may result in serious 
extravasation and/or compartment syndrome. 
Therefore, prompt recognition of extraluminal 
positioning is important so that the arterial chan-
nel can be coil embolized if needed or a stent graft 
placed across the perforation once true lumen 
reentry is achieved. The perforation may be tam-
ponaded with an in fl ated balloon catheter while 
maintaining access for continued wire negotiation 
across the occlusion.  

   True Lumen Reentry Devices 

 A number of commercially available true lumen 
reentry devices can be used either primarily or to 
bail out PIER with inability to reenter. The 
Outback catheter ( Cordis Corporation ,  Miami , 
 Florida ) uses a single-wire lumen and a direc-
tionally controlled, deployable, platinum-coated 
radiopaque 27-gauge needle (extendable can-
nula) for reentry, through which a 0.014-in. 
guidewire is passed into the disease-free vessel 
segment  [  39–  41  ] . Its main mode of guidance is 
 fl uoroscopic triangulation. The Pioneer device 
(Medtronic, Inc., Santa Rosa, CA) which is used 
in conjunction with a dedicated intravascular ultra-
sound (IVUS) system (Volcano, San Diego, CA) 

is a popular true lumen reentry device because 
of its reliability and real-time image guidance 
 [  42 ,  43  ] . It has two wire lumens (one of which is 
monorail). IVUS is used in the ChromaFlow 
mode to identify blood  fl ow in the true 
lumen  [  44  ] . The 25-gauge integrated nitinol 
reentry needle is then guided to the true lumen. 
As with PIER, reentry very distal to the end of 
the occlusion should be aggressively avoided 
when using reentry devices in order not to jeop-
ardize patency of vital side branches or effec-
tively converting the occlusion from an 
above-the-knee CTO to a below-the-knee CTO. 
This not only may adversely affect patency but 
also compromises future surgical options for 
bypass (“burning bridges”). In the event that 
reentry cannot be achieved at a more proximate 
reconstituted patent segment, either the subinti-
mal tract should be coiled to allow a redirected 
attempt at reentry or the patient should be con-
sidered for a different approach.  

   Intraluminal Recanalization 

 The other approach in CTO is intraluminal reca-
nalization where subintimal passage of the wire is 
avoided. Given the typically long length of CTO 
in femoropopliteal disease and high prevalence of 
calci fi cations which limit the ability to reenter 
into the true lumen, there has been an increasing 
interest in direct intraluminal recanalization with-
out subintimal passage  [  45  ] . Proponents of this 
approach cite the low success rate of PIER in 
long-segment occlusions and in the presence of 
extensive calci fi cations. A direct approach is felt 
to lower the risk of both perforation and too-distal 
reentry. Current treatment modalities such as 
blunt microdissection, mechanical atherectomy, 
and subintimal reentry devices have improved the 
success rate in these often challenging cases. 
Importantly, maintaining an intraluminal course 
may also allow the use of debulking approaches 
of the commonly encountered heavily calci fi ed 
lesions, which may allow a satisfactory outcome 
with atherectomy alone or atherectomy with 
adjunct balloon angioplasty without the need to 
stent. 
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 Intraluminal recanalization can occasion-
ally be achieved with standard coaxial guide-
wire-catheter approach using a 4- or 5-French 
gentle-angle catheter with a 0.035-in. Our pre-
ferred approach for that is a  fl oppy spring coil 
wire such as LLT (Cook, Bloomington, IN), 
although a straight glide-wire can also be used. 
However, rough “snow plow”-like technique is 
often required which may cause distal embo-
lization and perforation. Often, a subintimal 
plane is entered, and the technique will then 
have to be changed to a PIER approach. As a 
result, a number of CTO-speci fi c micro-guide-
wire systems have evolved originally for the 
coronary circulation but have been adopted to 
the periphery, especially in the infrageniculate 
segments. 

 Modern intraluminal recanalization requires 
the use of specialty CTO guidewires which are 
stiffer, coated wires with a tapered tip available in 
a variety of designs, speci fi cations, and charac-
teristics. Some of the popular designs are the 
ASAHI line (Abbott, Abbott Park, IL), Cross-It 
(Abbott, Abbott Park, IL), ChoICE PT (Boston 
Scienti fi c/Scimed, Inc., Maple Grove, MN). A 
number of non-specialty wires that have good 
pushability, trackability, torquability can also 
prove quite successful in navigating CTOs at 
lower cost such as Hi-Torque Whisper (Abbott, 
Abbott Park, IL), Crosswire (Terumo Medical 
Corporation, Somerset, NJ), Persuader 
(Medtronic, Minneapolis, MN), and V-18 Control 
(Boston Scienti fi c, Natick, MA), especially when 
used through a stable steerable microcatheter 

such as the Transit and Prowler lines (Cordis, 
Miami, FL), Excelsior (Boston Scienti fi c), and 
FineCross and Progreat (Terumo Medical Co.). 

 It should be kept in mind that a catheter-guide 
combination approach can work best if high- 
support catheter platform system is used. The 
4-French hydrophilic catheter works well in softer 
lesions but has limited pushability in  fi brotic 
calci fi ed subintimal recanalizations. The tech-
nique of anchoring balloon has been described 
and may allow a stable platform to enable tra-
versal of the CTO with a wire  [  46  ] . High-support 
catheters have been recently developed that assist 
in this task. The CXI Support Catheter (Cook) is 
one example, available from in various pro fi les 
(2.6–4 French) with straight- and angle-tip 
con fi gurations and compatible with 0.014–0.035-
in. guidewires. The Quick-Cross support catheter 
line (Spectranetics, Colorado Springs, CO) is a 
possible CTO support catheter system. 

 The ASAHI Tornus specialty catheter (Abbott) 
is a novel over-the-wire stainless steel penetra-
tion catheter designed to provide greater support 
and assist with penetration of the CTO. It is con-
structed of eight individual 0.007-in. wires 
stranded together to form the catheter, with a sili-
cone coating on the inner and outer surfaces and 
a tapered tip. The device works via a screw-like 
mechanism through counterclockwise rotation. 
The Avinger Wildcat support catheter ( Avinger , 
 Inc .,  Redwood City ,  CA ) is a similar system. It is 
a 135 cm long, 0.035-in. compatible catheter with 
the key feature of distal tip with retractable bilat-
eral wedges (Fig.  16.3 ).  

Wedges exposed

Pin

Sheet2

  Fig. 16.3    The Avinger Wildcat-W500 support catheter 
( Avinger ,  Inc .,  Redwood City ,  CA ). It is a guidewire-com-
patible catheter that acts like a corkscrew, wedging 
through the CTO. The de fl ectable, drill-like tip enables 

incremental advancement of the coaxial guidewire to pass 
through the occluded area. It is mainly intended to be used 
to support steerable guidewires in directly negotiating the 
occlusive plaque material       
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 Another useful class of specialty devices 
include de fl ecting tip guidewires like the Steer-It 
(Cordis). Another related approach for controlled 
guidewire passage is “wire control” catheters 
(Venture, St. Jude Medical, St. Paul, MN). 
Another paradigm that is being currently evalu-
ated is the use of a magnetic navigation system 
(Stereotaxis, St. Louis, MO) to assist in navigat-
ing a specialty guidewire across CTOs. Early 
results in coronary applications seem promising, 
but data remains limited  [  47  ] . Other interesting 
pharmacologic approaches (directed  fi brinolysis, 
demineralization, or collagenase delivery into the 
occlusion) are also being studied. 

 In cases where occlusion cannot be traversed 
using conventional catheter-guidewire tech-
niques, intraluminal recanalization may still be 
achieved with a number of specialized devices 
through an “ablative” approach. The Frontrunner 
XP CTO ( Cordis , Warren, NJ) has actuating jaws 
that create a channel through occlusions via blunt 
microdissection with more pushability and con-
trol than traditional 0.035-in. guidewires. It theo-
retically relies on the differential elastic properties 
of adventitia versus the  fi brocalci fi c plaque to 
create fracture planes. This technique may be 
advantageous in penetrating hard  fi brous caps of 
the SFA occlusions. The Crosser catheter (BARD, 
Murray Hill, NJ) is an over-the-wire system that 
produces high-frequency mechanical vibrations 

that propagate through its tip. The resulting 
cavitational effects aid in the recanalization of 
the proximal core or edge of the occlusion, allow-
ing the guidewire to incrementally traverse the 
occlusion. The PowerWire radio-frequency 
guidewire ( Baylis Medical   Company ,  Montreal , 
 QC ,  Canada ) delivers focused RF energy through 
a nitinol core wire with PTFE coating. The Safe-
Cross AP RF system (IntraLuminal Therapeutics, 
Menlo Park, CA) is a marriage of the optical 
coherence re fl ectometry (OCR) forward-looking 
guidance technology and controlled radio-fre-
quency energy (Fig.  16.4 ). The wire’s integrated 
optical  fi ber relays light re fl ections to the console 
to distinguish plaque and blood vessel wall by 
OCT. The wire is coupled with radio-frequency 
energy that is delivered from the tip if the 
re fl ective signal obtained by the near-infrared 
sensor identi fi es a luminal position, signi fi ed by a 
green indicator. Radio frequency is not deliver-
able if the re fl ective signal is red, suggesting wire 
proximity to the endoluminal wall  [  48  ] .  

 Excimer laser is another approach that has 
witnessed a revival in the past years. Its use in 
occlusive disease is discussed elsewhere in this 
chapter. The principle behind the use of excimer 
laser in CTO recanalization is based on the fact 
that CTO is usually composed of a focal proxi-
mal cap followed by a long segment of gelatinous 
debris culminating in another distal  fi brous cap. 

No artery wall detected Artery wall detected No artery wall detected

  Fig. 16.4    Safe-Cross AP RF system: Dual function wire system that uses forward-looking OCT to guide RF application 
into the plaque       
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Various excimer laser catheters are available each 
with various speci fi c features, including the 
Turbo Elite, Turbo-Booster, and Turbo-Tandem 
(Spectranetics Co., Colorado Springs, CO). The 
308-nm excimer catheter is used to penetrate the 
 fi brous cap of the chronic total occlusion. Once 
the proximal cap is crossed, it may be advanta-
geous to directly interact with the platelet and 
coagulated material. Absorption of excimer laser 
energy within the target biologic tissue creates 
effects on the nonaqueous components of the 
irradiated atherosclerotic plaque and its accom-
panying thrombus. It accounts for development 
of plaque-speci fi c photochemical and photome-
chanical reactions including formation of gas 
vapor and acoustic shock waves. The vaporiza-
tion of plaque content and concomitant propaga-
tion of acoustic resonance waves ultimately lead 
to debulking and removal of the treated occlusive 
tissue. Underlying occlusive disease is then bal-
loon dilated or stented as needed. The speci fi c 
technique used to recanalize CTO excimer laser 
is the “step-by-step” technique  [  49  ] . The laser 
catheter and guidewire are advanced in tandem 
through the occlusion until access to the true 
lumen beyond the occlusion is achieved.  

   Plain Old Balloon Angioplasty (POBA) 

 Percutaneous transluminal angioplasty (PTA) is 
currently more “trendily” referred to as plain old 
balloon angioplasty (POBA). While angio-
graphic results of POBA are often immediate, 
the long-term success of femoropopliteal POBA 
varies and is not clearly de fi ned. Furthermore, 
the dif fi culty in assessing rapidly changing tech-
nological improvements is compounded by 
inconsistencies in the literature in regard to 
patient risk factors, lesion characteristics, indica-
tions for intervention, and follow-up. In addition, 
a number of technical factors such as dilation 
pressure, duration of PTA, and balloon to vessel 
ratio are rarely accounted for. Nevertheless, 
there are some common themes that warrant 
discussion. 

 The multicenter STAR registry prospectively 
examined predictors of long-term patency of 

femoropopliteal PTA in 219 limbs in 205 patients 
in the mid-1990s  [  50  ] . The presence of diabetes 
or renal failure conferred a four to  fi vefold 
increased risk of restenosis compared to matched 
controls. While this data examined patients in the 
early experience of PTA, more recent work 
con fi rms that diabetes leads to a decreased pri-
mary patency with PTA in both the subset of 
patients with a stent and those with PTA alone 
 [  51  ] . Interestingly, both these studies note that 
there was signi fi cant improvement in primary 
patency of PTA with at least one relatively dis-
ease-free tibial vessel. Patients with three patent 
runoff vessels may have an eightfold increase in 
patency when compared with those with a single, 
diseased (50–90 % stenosis) runoff vessel. The 
relationship between diabetes and the presence of 
extensive runoff disease may confer a large por-
tion of diabetic risk of restenosis. 

 The overriding importance of clinical indica-
tions for intervention can be seen in a recent 
meta-analysis demonstrating a 3-year patency 
rate of 60 % for femoropopliteal angioplasty 
when done for claudication and 40 % when 
performed for limb salvage  [  52  ] . This data is 
further clari fi ed by Johnston et al. who correlated 
improvement of lower extremity runoff as an 
indicator of 5-year PTA success  [  53  ] . Similarly, 
chronic total occlusions (CTO) with good runoff 
had a clinical success rate of 36 % at 5 years ver-
sus 16 % with poor runoff. 

 One recent comparative review of 112 periph-
eral PTA studies summarizes these points and 
denotes the importance of lesion characteristics 
in regard to PTA for femoropopliteal lesions  [  54  ] . 
The analysis revealed mean weighted primary 
patency ranging from 69 % at 1 year to 48 % at 
5 years, which were dependent on lesion mor-
phology, lesion length, patency of runoff vessels, 
and presence of diabetes. It is important to stress 
that the ultimate goal of any intervention in PAD 
is limb salvage. The standard surgical bypasses 
have 5-year (secondary) patency rates of 80 % 
when autologous vein grafts are used and 38 % 
with synthetic PTFE, with accordingly higher 
limb salvage rates  [  55,   56  ] . Similarly, long-term 
patency for PTA might not be necessary once the 
primary goal of tissue healing is accomplished. 
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Limb salvage rates following infrainguinal endo-
vascular intervention at 2–3 years vary from 44 to 
85 %  [  57–  63  ] . However, the only randomized 
study to date comparing PTA and surgical bypass 
recommends infrainguinal PTA for rest pain and 
tissue loss in only those patients with a life expec-
tancy less than 2 years  [  64  ] . 

 A newer paradigm in PTA seems to be evolv-
ing based on the observation that high atmo-
spheric in fl ation of current semi-compliant 
balloons is not ef fi cient in dilating the target 
lesion and instead results in excessive injury to 
adjacent less diseased vessel segment, thereby 
contributing to restenosis  [  65  ] . This phenomenon 
is probably more signi fi cant in resistant, heavily 
calci fi ed, or  fi brotic lesions that are unlikely to be 
effaced at nominal balloon in fl ation pressures 
(Fig.  16.5 ). The new paradigm calls for the use of 
the newer “wrapped balloons” which have the 
combined features of strength, true noncompli-
ance, and high atmospheric rating. The prototype 
wrapped balloon is the Dorado balloon line 
(BARD), which is also available in long balloon 
lengths allowing treatment of long lesions with-
out overlapping. This achieves uniform in fl ation 
without overdilation and may translate into both 
better initial success and lower rates of  restenosis. 

However, most importantly the use of such a 
strategy may obviate the need for secondary 
stenting for unsatisfactory angioplasty results. 
Although attractive in principle, this theory has 
not yet been supported with objective data from 
well-designed comparative trials.  

 Another closely related concept is the use of 
lesion remodeling prior to angioplasty, or effec-
tively changing the compliance of the lesion 
favorably. This usually calls for reducing acute 
recoil by debulking of calci fi cations and other 
forms of resistant stenosis with atherectomy or 
excimer laser prior to low atmospheric balloon 
angioplasty. Along the same line, cutting balloon 
angioplasty using the longer balloon length 
devices may accomplish the similar goal without 
the need for supranominal balloon in fl ations. In 
light of the mounting evidence for long-term 
problems with stents in the SFA and popliteal 
segments, one additional important gain from 
such a strategy may be reducing the need for 
stenting in the infrainguinal segments  [  66  ] . One 
unpublished study reported signi fi cant reduction 
in the need to use stents following atherectomy in 
femoropopliteal disease ( Reduced stent   utiliza-
tion with   SilverHawk atherectomy   versus balloon  
 angioplasty in   patients undergoing   peripheral 

a b

  Fig. 16.5    The impact of balloon compliance and high-
pressure expansion on the dilation of dif fi cult lesions. ( a ) 
Standard nylon PTA balloon. At supranominal pressure, 
despite persistence stenosis, over-dilatation has occurred at 
both ends of the balloon. The 8 × 60 nylon balloon could 

not be inserted through the 8-mm hole. ( b ) Properly sized 
wrapped balloon (Dorado, BARD) used to treat three con-
secutive lesions. At 27 atm, the lesions are effaced with NO 
over-dilatation of intervening healthy tissue. The 6 × 200 
balloon can be easily inserted through a 6-mm hole       
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vascular   interventions :  A randomized   trial . 
 Presented at   CRT 2008  ( was this   ever published )) 
 [  67  ] . Although not directly related, another 
recently published randomized comparison of 
cryoplasty with POBA in the SFA demonstrated 
a signi fi cant reduction in the need for secondary 
stenting from 73 % in the POBA group to 22 % 
in the cryoplasty group  [  68  ] , which is a testimony 
to the value of these approaches in higher up-
front technical success rates without the use of 
stents. 

 For example, when a highly resistant lesion is 
treated with a standard nylon PTA balloon, 
in fl ation to a supranominal pressure despite per-
sistence of the “resistant” stenosis will result in 
over-dilatation at both ends of the balloon which 
could result in signi fi cant damage to the normal 
segments of the vessel. In contrast, when a prop-
erly sized wrapped balloon (e.g., Dorado, BARD) 
is used to treat highly resistant disease, the lesions 
are effaced with no over-dilatation of adjacent or 
intervening healthy segments.  

   Special Balloon Angioplasty Techniques 

   Brachytherapy 
 Progression of neointimal proliferation and 
hyperplasia can be reduced by endovascular 
brachytherapy in the peripheral vascular bed  [  69  ] . 
Devices may include either a radioactive liquid-
 fi lled balloon or a radioactive wire placed into the 
diseased vessel for times ranging from 5 to 
20 min  [  70 ,  71  ] . Research in this area for periph-
eral vasculature continues, although no FDA-
approved devices are marketed at this time. 

 In the PARIS pretrial, 40 patients received 
high-dose radiation after conventional PTA in 
SFA lesions resulting in low 1-year restenosis 
rates  [  72  ] . The subsequent study which random-
ized 203 patients showed no difference in rest-
enosis rates or clinical response when compared 
to PTA alone  [  73  ] . Similarly, the 5-year follow-up 
from the prospective Vienna-2 trial showed that 
there was no difference at in those patients receiv-
ing femoropopliteal PTA alone or those receiving 
adjuvant iridium-192 radiation using wire deliv-
ery  [  74  ] . It is important to note that in all studies 

done using brachytherapy for infrainguinal 
disease, none have dealt with treatment of recur-
rent stenosis, but instead have used brachytherapy 
at the time of initial intervention  [  75  ] . 

 Thus, despite initial encouraging results, 
brachytherapy might not have the desired long-
lasting effect. Furthermore, the signi fi cant logis-
tical rami fi cations for instituting a brachytherapy 
program will likely not propel this therapeutic 
option into mainstream therapy.  

   Endovascular Cryotherapy (Cryoplasty) 
 Cryoplasty involves the application of cold ther-
mal energy to balloon angioplasty and addresses 
two major challenges of conventional balloon 
angioplasty: early technical failure by intimal 
dissection or elastic recoil and late restenosis 
caused by neointimal proliferation. Early experi-
ence suggests that targeted delivery of cryother-
apy within vessels may have the effect of altering 
the biologic vascular response, resulting in a 
more benign healing following balloon injury in 
a nonproliferative fashion  [  76  ] . Balloon in fl ation 
in cryoplasty is achieved with nitrous oxide cool-
ing the balloon to −10°C. The balloon has an 
automated in fl ation time of 20 s at 8 ATM. As 
nitrous oxide is vaporized in the balloon, it deliv-
ers the in fl ation pressure in addition to cooling 
temperatures to the arterial wall. Standard bal-
loon diameters (2.5–8 mm) and balloon lengths 
of 20, 40, and 60 mm are available. 

 In a study of 102 patients with claudication 
from 16 participating centers, femoropopliteal 
lesions (TASC type A, B, or C) were treated with 
a technical success rate of 85.3 %  [  77  ] . For all 
lesion types in this series (stenoses and occlu-
sions), there was a 9-month clinical patency rate 
of 82.2 %. Multiple smaller series con fi rmed 
these early results. 

 While results from the POLAR randomized 
trial are awaited, analysis of the more recent lit-
erature on cryotherapy is disappointing. In one 
large single-center patient cohort, freedom from 
restenosis in successfully treated lesions was 
strikingly lower from the previous experience 
reported by the same investigators: 57 % at 
12 months and 49 % at 24 months compared to 
82.2 % (12 months)  [  78  ] . In particular, cryoplasty 
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performed poorly in heavily calci fi ed lesions, 
vein graft lesions, and in-stent restenotic lesions. 
Excluding these challenging lesion subtypes from 
the analysis resulted in a freedom-from-resteno-
sis rate of 61 % at 12 months and 52 % at 
24 months. Intention-to-treat analysis further 
weakened the results to 47 and 38 % at 12 and 
24 months, respectively. This was particularly 
disappointing since the mean lesion length in the 
study was 3.9 cm (TASC A) which should have 
resulted in much better patency rates. Another 
retrospective review looking at 71 patients 
showed no difference in primary patency, assisted 
primary patency, or secondary patency between 
conventional PTA and cryoplasty  [  79  ] . A recent 
single-center study randomized 50 diabetic 
patients with femoropopliteal disease to cryo-
plasty or conventional PTA with the cryoplasty 
arm having signi fi cantly higher restenosis rates 
and lower primary patency rates and at 3 years, 
with no difference in limb salvage  [  80  ] . However, 
one recently published study demonstrated the 
potential bene fi ts to using cryoplasty  fi rst 
approach compared to POBA in terms of reduc-
tion in the need for provisional stenting which 
was signi fi cantly lowered from 73 % in the POBA 
group to 22 % in the cryoplasty group, although 
patency rates were comparable for the two groups 
(56 and 49 % for cryoplasty vs. 61 and 56 % for 
POBA, respectively, at 1 and 3 years)  [  68  ] .  

   Cutting Balloon Angioplasty 
 Cutting balloons are PTA balloons that contain a 
series of thin microtomes attached to a noncom-
pliant balloon. When in fl ated, these microtomes 
expand longitudinally into the plaque and vessel 
wall and deliver a controlled incision resulting in 
plaque disintegration. In theory, CB has advan-
tages in  fi brotic or thick-walled vessels that are 
resistant to conventional PTA. Also less force is 
necessary compared to conventional PTA result-
ing in theoretical decrease in a neoproliferative 
response. Limited clinical data are available on 
the use of cutting balloons in infrainguinal 
interventions. 

 Although multiple early reports purport excel-
lent results of CB  [  81 ,  82  ] , a more recent prospec-
tively randomized single-center trial comparing 

cutting balloons to PTA in short-segment de novo 
SFA lesions showed no bene fi t  [  83  ] . Notably, the 
restenosis rate at 6 months was signi fi cantly 
higher in the cutting balloon group compared to 
PTA (62 % vs. 32 %). Furthermore, one study 
evaluating the value of CB in the treatment of 
failing infrainguinal vein grafts shows no 
improvement when compared to PTA  [  84  ] . 

 Newer cutting balloons have entered the mar-
ket with proposed improvements over past 
designs. The AngioSculpt Scoring Balloon 
Catheter (AngioScore, Inc., Fremont, CA) ini-
tially developed for the treatment of complex cor-
onary artery lesions combines a semi-compliant 
balloon with laser-cut nitinol scoring wire encir-
cling the balloon in a helical pattern. Current 
devices are available in 2- to 6-mm diameter and 
10- to 40-mm lengths and mainly used in the 
infrageniculate vessels. Case series have docu-
mented angiographic success in small numbers 
of patients with this device, although compari-
sons with conventional PTA are lacking  [  85  ] . 

 Similarly, the VascuTrak PTA Dilatation 
Catheter (BARD Peripheral Vascular, Inc., 
Tempe, AZ) has two longitudinal wires which, in 
theory, lead to a focused plaque fracture and 
reduction in balloon pressure. Another important 
advantage of this line of balloons is availability in 
very long lengths which allows treating the target 
lesion without multiple overlaps. These devices 
are available ranging from 2 to 7 mm in diameter 
with lengths ranging from 20- to 300-mm lengths. 
There are no randomized or long-term data for 
either of these new devices at the present time.  

   Drug-Coated Balloon Angioplasty 
 Neointimal hyperplasia is a proliferative biologi-
cal process that is triggered during PTA and is the 
main cause of lumen loss leading to restenosis 
following PTA. Being a primarily biologic pro-
cess, pharmacological modulation of neointimal 
proliferation has been proposed as a means to 
inhibit neointimal hyperplasia and forms the 
basis also for drug-coated balloons to achieve 
long-term patency. Initial trials with paclitaxel-
coated balloons in coronary in-stent restenosis 
were followed by two trials investigating treat-
ment of de novo and restenotic lesions in the SFA 
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and popliteal arteries. The initial multicenter 
randomized trial comparing paclitaxel-coated 
and uncoated balloons (THUNDER) demon-
strated that patients in the paclitaxel-coated bal-
loon group had far less late lumen loss and less 
target lesion revascularization compared to the 
control group  [  86  ] . This difference was main-
tained over the 2-year follow-up period (15 % vs. 
52 %). In the second study, late lumen loss in the 
control group was less, and the difference to the 
group treated with the coated balloon smaller 
 [  87  ] . The PTA procedure itself does not differ 
from conventional PTA with similar in fl ation 
pressures and in fl ation times. Drug-eluting bal-
loons are not at present commercially available in 
the USA for peripheral vascular beds.   

   Atherectomy 

 Atherectomy devices represent a new technology 
which removes plaque from lesions of any length. 
It has potential for the treatment of lesions in 
dif fi cult anatomic locations such as across joints 
or folding points (common femoral artery, popliteal 
artery) and ostial lesions (such as the ostium of the 
SFA). It holds promise as an adjunct therapy for 
“prepping” heavily calci fi ed lesions prior to 
another adjunct endovascular modality although 
enthusiast proponents have hailed this technique 
as a stand-alone treatment for long diseased seg-
ments. Although not approved for this indication, 
it has also been used for the treatment of in-stent 
restenosis, despite con fl icting data  [  88  ] . 

 The  fi rst broad group of devices evolved 
from the Simpson AtheroCath (Devices for 
Vascular Intervention, Redwood City, CA) and 
is extirpative in nature. The prototype device is 
the SilverHawk™ plaque excision system 
(ev3 Endovascular, Plymouth, MN). The newer 
generation devices, RockHawk and TurboHawk, 
are marketed by the same manufacturer and 
have a better pro fi le with respect to treatment of 
heavily calci fi ed lesions. 

 Approved by the FDA in June 2003 for use in 
lower extremity arteries ranging from 3 to 7 mm 
in diameter, the SilverHawk device consists of a 
 fl exible monorail catheter designed to track over a 

0.014-in. guidewire. Directional plaque excision 
is accomplished with a cutting assembly located 
at the distal end of the catheter, comprised of a 
battery-operated cutting disc rotating at 8,000 rpm 
contained within a tubular housing with a lateral 
window. Atheromatous plaque is stored in a distal 
nose cone compartment, and focal lesions can be 
treated in a small amount of time. Once the stor-
age compartment is full, the SilverHawk device 
has to be removed over the 0.014-in. wire, and the 
atheromatous tissue is removed from the nose 
cone. Theoretically, the SilverHawk catheter min-
imizes stretching of the vessel and reduces 
barotrauma to its wall. 

 No randomized studies are available to com-
pare the results of SilverHawk atherectomy with 
other well-established endovascular treatments. 
The Treating Peripherals with SilverHawk 
Outcomes Collection (TALON) registry is a mul-
ticenter, prospective, nonrandomized, observa-
tional database. Recent data from this registry 
included analysis of 728 patients and 1,517 
lesions treated with the SilverHawk catheter. 
Lesion lengths were approximately 6.3 cm for 
femoropopliteal and 3.5 cm for tibioperoneal ves-
sels. Approximately 17 % of patients required 
additional therapy including stenting. At 6 and 
12 months, the target lesion revascularization was 
10 and 21 %, respectively, with a durable improve-
ment of the ankle-brachial index  [  89  ] . Zeller et al. 
reported on the use of the SilverHawk device in 
52 patients with femoropopliteal disease and sta-
ble chronic lower limb occlusive disease  [  90  ] . 
Additional PTA or stenting was needed in 58 and 
6 % of cases, respectively. More than 80 % of 
their patient population was free of symptoms 
after 6 months of follow-up. A prospective, mul-
ticenter registry involving 160 lesions in 74 limbs 
treated with atherectomy was also published  [  91  ] . 
The treated segments included the femorop-
opliteal as well as the trifurcation vessels. Eleven 
percent of patients had to undergo adjunctive 
angioplasty and 6 % adjunctive stent placement. 
The target limb revascularization (TLR) rate was 
only 4 % at 6 months. However, following initial 
enthusiasm, a series of reports not relying on 
TLR as a means of follow-up revealed a disap-
pointing mid- and long-term patency with this 
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device  [  92–  94  ] . In our own experience with the 
SilverHawk utilizing intensive duplex surveil-
lance, the primary and assisted primary patency 
rates at 1 year were a dismal 10 % in a predomi-
nantly CLI patient population, although a 74 % 
limb salvage rate was maintained through sec-
ondary interventions, predominantly stenting and 
bypass surgery  [  93  ] . 

 The main limitation to the use of the 
SilverHawk catheter is the presence of extensive 
or dense calci fi cation of the arterial wall. It is 
dif fi cult to cut these in part bulky plaques with 
the risk of distal embolization. This risk was 
highlighted in a report on ten consecutive patients 
treated with atherectomy of the femoropopliteal 
artery in the presence of a distal embolic protec-
tion device. The investigator reported debris 
retrieval in each case  [  95  ] . The clinical conse-
quence of these atheroemboli and comparison to 
other endovascular techniques remain unclear. 
Treatment of longer lesion can add time to the 
treatment since intermittent evacuation of the 
collected atherosclerotic material from the device 
is necessary. Although a newer generation of 
extirpative atherectomy devices,  TurboHawk  and 
 RockHawk , have been released, no substantive 
data has been published on their effectiveness or 
superiority compared to their predecessor. 
Expense is also an issue in particular for the cases 
where additional PTA or stenting is necessary 
and the need for secondary stenting following 
atherectomy has been repeatedly highlighted in 
many of the atherectomy series  [  93  ] . 

 The second broad class of atherectomy devices 
is ablative in nature and conceptually related to 
the  Rotablator  (Boston Scienti fi c, Natick, MA). 
These include the  Diamondback 360 °  Orbital 
Atherectomy   System  (OAS, Cardiovascular 
Systems, Inc., St. Paul, MN) and the  Jetstream 
revascularization   system  (Pathway Medical, 
Kirkland, WA). 

 Orbital atherectomy with the  Diamondback 
360 ° is similar to rotational atherectomy with the 
 Rotablator  with exception of using an orbital 
path around the periphery of the lumen, thereby 
minimizing the risk of deep vascular injury. In 
essence, the device debulks atheroma by using a 
sanding action of an orbiting diamond-coated 

crown mounted on the end of a  fl exible drive 
shaft and placed over a .014″ guidewire. Marketed 
as an effective way to debulk challenging calci fi ed 
lesions in the femoropopliteal and infragenicu-
late vessels with any plaque morphology, com-
parative data are lacking. Recently, the prospective 
nonrandomized multicenter study to evaluate the 
ef fi cacy and safety of the Diamondback 360° 
device in peripheral intervention (OASIS trial) 
was completed. In 201 lesions (50 % calci fi ed) in 
124 patients, a 4 % device-related complication 
rate and a 2.4 % TLR at 6 months were reported. 
Adjunctive therapy (PTA, stent) was necessary in 
42 %. The study was designed as a noninferiority 
trial with no further conclusive data, save that of 
immediate angiographic success  [  96  ] . 

 The  Pathway Jetstream   revascularization sys-
tem  is also a new rotational atherectomy device 
that includes a  fl ushing and aspiration mechanism 
to retrieve atheromatous debris and avoid distal 
embolization. It is marketed to be used in 5–7-
mm diameter vessels. The results of a prospective 
multicenter study were recently presented enroll-
ing 172 patients with <10-cm femoropopliteal 
lesions. The technical success rate was 99 %, and 
TLR at 6 months was 14 %. Almost 70 % received 
adjunctive PTA or stent placement, and long-term 
data are not present  [  33  ] . The value of debulking 
atherectomy still has to be de fi ned simply because 
no comparison trials exist and the majority of the 
data uses the device as an adjunct to conventional 
interventions.  

   Laser Angioplasty 

 Prior reports on laser-assisted angioplasty showed 
no bene fi t compared to conventional PTA which 
led to its abandonment  [  97,   98  ] . However, the 
recent advent of excimer laser-assisted PTA 
which consists of intense, short pulses of ultravi-
olet light to achieve penetration, atheroablation, 
and recanalization has led to renewed interest in 
laser technology for the treatment of PAD. The 
advantage of pulsed laser is the low risk of ther-
mal injury compared to the historical hot-tip 
lasers. The 308-nm excimer laser uses  fl exible 
 fi ber-optic catheters. Tissue is ablated only if in 
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contact with the laser with no signi fi cant 
surrounding thermal injury. These advances have 
led to increased utilization of laser treatment in 
complex peripheral arterial disease  [  99  ] . 

 The prototype excimer laser device is the 
Spectranetics CVX-300 excimer laser system 
(Spectranetics Co., Colorado Springs, CO). Due 
to the small channel size created by the laser 
(2.5-mm maximal diameter), adjuvant PTA and 
stenting are usually necessary to achieve adequate 
lumen. 

 The LACI multicenter trial was a prospective 
registry of 155 limbs in 145 patients treated with 
laser-assisted angioplasty, all of which had criti-
cal limb ischemia. Sixty percent of limbs had 
complete, long-segment occlusions with a median 
total length of 11 cm. Adjunctive balloon angio-
plasty was performed in 96 %, and adjunctive 
stenting was required in 61 % of all lesions. The 
initial procedural success was 85 %, although 
limb salvage was not examined beyond a 6-month 
interval  [  100  ] . A more recent report using exci-
mer laser ablation in the treatment of chronic 
total occlusions in diabetic patients who failed 
initial attempts at standard PTA or stenting was 
also promising. Most lesions were in the femo-
ropopliteal segment (80 %) with a smaller num-
ber of crural lesions  [  101  ] . The study reported an 
extrapolated 1-year limb salvage rate for CLI of 
94 %. Other promising data from CELLO regis-
try was recently published showing safe treat-
ment of SFA in-stent restenosis with TLR in only 
23 % at 1 year  [  102  ] .  

   Vascular Stents in the SFA 

 Early experience with stenting in the SFA was 
disappointing, which is likely attributable to the 
ill  fi t between the early designs that were used, 
which were primarily designed for the biliary 
system and iliac arteries. Balloon-expanded 
stents were highly susceptible to crush and the 
Wallstent which, although quite effective in the 
iliac segments, performed poorly in the SFA. 
This early disappointing experience changed 
with the introduction of tubular nitinol stents 
which over the past decade demonstrated good 

intermediate patency rates compared to POBA. 
This has in fact subsequently resulted in an almost 
“epidemic” adoption of stenting in the SFA. 
Despite its widespread use, stenting in SFA and 
popliteal segments remains controversial. To 
complicate matters further, several classes of 
devices have emerged, including next-generation 
iterations of previous designs of stents, stent 
grafts, high-pressure balloons, cutting balloons, 
cryoplasty balloons, atherectomy catheters, laser 
catheters, and so on. None of these technologies 
have yet proven to be a perfect  fi t for the SFA. 
The availability of various options, however, does 
allow for individualized selection of treatment 
modality based on the individual patient to better 
suit the anatomy and lesion morphology. The 
plethora of available devices is contrasted by the 
striking lack of evidence-based data comparing 
these often competing designs. 

 The main challenge facing stenting in the fem-
oropopliteal arteries is the inherent complexity of 
the extrinsic forces exerted on this segment, the 
unique disease patterns that af fl ict this segment 
as well as the effect of stents on the arterial physi-
ology. Complex repetitive stresses due to the 
complexity of the motions demanded by both the 
hip and knee joints result in chronic irritation that 
incites plaque buildup as well as intimal hyper-
plasia. It can also produce positional kinking, 
distraction, twisting, and luminal narrowing 
which can reduce  fl ow, induce turbulence, and 
incite thrombosis. The stiff nature of metallic 
stents predisposes them to fracture which is a 
cause of restenosis and thrombosis. 

 Perhaps the most challenging lesion types in 
for femoropopliteal intervention are the higher 
TASC-grade lesions (TASC B through D), which 
include long-segment stenosis and occlusions. 
Balloon angioplasty often fails due to recoil or 
intimal dissection, and stents in these cases 
are valuable to convert early PTA failure into 
success. 

 The importance of proper sizing in the SFA 
cannot be overemphasized. One can draw an 
analogy with femoral-popliteal prosthetic bypass 
grafting where conduits less than 6 mm in diam-
eter have a signi fi cantly higher propensity for 
occlusion  [  103  ] . The importance of a suf fi cient 
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diameter is also demonstrated in a prospective 
study using self-expandable stents in the femoral-
popliteal segment: Arteries with a diameter less 
than 5 mm had a signi fi cantly lower long-term 
patency rate both in bare stents and in stent grafts 
 [  104 ,  105  ] . The other factor related to proper siz-
ing is ensuring adequate wall apposition. Poor 
apposition not only inhibits endothelialization 
which is crucial for long-term patency but also 
predisposes to thrombus formation which can 
result in reocclusion  [  104 ,  106  ] . Wall apposition 
is also related to lesion anatomy, with eccentric 
lesions, especially when heavily calci fi ed and 
 fi brotic which prevents adequate wall apposition. 
It is important to also achieve the desired expan-
sion of the device which can at time be challeng-
ing in the presence of heavy calci fi cations, highly 
 fi brotic lesions, and in-stent restenosis that are 
resistant to dilation. Given the wide availability 
of intravascular ultrasound (IVUS), this goal can 
be ascertained and every effort should be made to 
ensure adequate apposition when using bare 
stents  [  107  ] . In those cases, the use of debulking 
adjunctive “vessel-prep” techniques such as 
atherectomy and excimer laser have been reported 
to help achieve a better stent expansion and wall 
conformability and may lead to improved pat-
ency  [  108  ] . It should be made clear that 
 fl uoroscopy often underestimates the extent and 
con fi guration of intravascular calci fi cation, 
whereas IVUS can also distinguish whether the 
calcium is in a super fi cial or deep location. Efforts 
to evaluate the lesion and to prepare the implanta-
tion site with rotational atherectomy or by cutting 
balloons will be well rewarded. Post-dilation 
with a properly sized (both diameter-wise and 
length-wise), noncompliant balloon is another 
important step. 

   Bare Metal Nitinol Stents 
 Stents initially used in the SFA prior to the nitinol 
era were designed for biliary and iliac use (e.g., 
Wallstent, Palmaz, Strecker), proved ill-suited for 
this application with very disappointing delayed 
outcomes noted in most series due to intimal 
hyperplasia in the stent or at stent edges. Intro-
duction of laser slotted-tube nitinol stents reener-
gized the  fi eld of SFA stenting. The landmark 

study by Sabeti et al. demonstrated the signi fi cant 
improvement in patency of nitinol stents com-
pared to Wallstents in the SFA  [  109  ] . Nitinol 
stents offer low pro fi le, better wall apposition, 
improved radial strength, and generally more pre-
cise deployment due to minimal dynamic shorten-
ing. There are several attributes to the design of a 
nitinol stent that confer its speci fi c characteristics, 
related to the alloy-speci fi c characteristics, the 
manufacture process, and the geometric design. 
The most obvious feature of slotted-tube nitinol 
stents is the strut, characterized by its geometric 
shape, cross-sectional area, length, and angle. 
Other determinants include the number of struts 
per circumference and number and con fi guration 
of connecting bridges. Additional very important 
attributes include electropolishing of the struts 
surface and use of passive coating. Newer nitinol 
stent designs have departed from the traditional 
slotted-tube manufacture process. The SUPERA 
stent (IDEV) is manufactured from a single inter-
woven wire, a structure somewhat reminiscent of 
the Wallstent. Another newer, highly  fl exible 
design is the alternating helical design exempli fi ed 
in the newer NovoStent, Inc. designs (HYPERION 
and SAMBA). 

 Since their introduction a decade ago, slotted-
tube nitinol stents witnessed major evolutions. 
First-generation nitinol stents [Luminexx 
(BARD), Absolute and Dynalink (Abbott), 
SMART (Cordis), Zilver (Cook)] share in their 
design the features of interconnected or nested V 
pattern struts, resulting in a stiffer prosthesis and 
also limiting radial expansion strength. Second-
generation stents [LifeStent (BARD), Protégé 
EverFlex (eV3)] have in common a helical pat-
tern of strut interconnections and represented a 
major leap in terms of radial strength,  fl exibility, 
and fracture resistance compared to  fi rst-
generation nitinol stents. A growing body of clin-
ical experience with these newer stents in the 
femoropopliteal arteries shows encouraging mid-
term results, with 3-year primary patency rates 
up to 76 % for SFA lesions  [  110  ] . 

 The SIROCCO phase I study is one of the ear-
liest randomized trials of nitinol stenting in the 
SFA. Interestingly, this study did not compare 
nitinol stenting with another standard of therapy; 
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instead, it was a randomized double-blind com-
parison of bare metal versus drug-eluting SMART 
stents. Patency of bare metal SMART stents was 
a remarkable 80 % at 6 months  [  106  ] . 

 The ABSOLUTE trial is another early ran-
domized trial comparing nitinol stenting with 
PTA in the SFA. This was a single-center study 
that compared 51 patients with SFA disease ran-
domized to primary implantation of nitinol stents 
(Absolute, Abbott) with 53 patients. The resteno-
sis rate at 12 months using duplex sonographic 
criteria was signi fi cantly lower in the nitinol stent 
group (37 % vs. 63 %)  [  111  ] . 

 The femoral artery stenting trial (FAST) is a 
multicenter European trial which randomized 
244 patients to either PTA or stenting using the 
Luminexx stent (BARD). This study contrasts 
with most other studies comparing nitinol stents 
and PTA in the SFA in that it showed no signi fi cant 
patency or TLR with stenting at 12 months, 
although longer occlusion did fair better with 
stenting  [  112  ] . This can be largely attributed to 
speci fi c design and  fl exibility features of the 
Luminexx stent which makes it less desirable in 
the SFA. 

 A number of well-designed randomized, mul-
ticenter trials with independent core lab evalua-
tion have become available or are currently 
underway to better de fi ne the use of self-expand-
able nitinol stents in the treatment of infrainguinal 
occlusive disease in the hope of providing level 1 
evidence. Data from the RESILIENT trial was 
recently published  [  113  ] . This multi-institutional 
trial randomized a total of 206 patients from 24 
centers in the USA and Europe with intermittent 
claudication due to femoropopliteal disease with 
lesion length < 150 mm to either PTA or LifeStent. 
Angiographic success, de fi ned as <30 % residual 
stenosis, was superior for the stent group com-
pared with the angioplasty group (95.8 % vs. 
83.9 %), and 40 % of patients in the angioplasty 
group underwent bailout stenting because of a 
suboptimal angiographic result. Primary patency 
at 12 months (assessed by duplex sonography) 
was far better in the stent group (81.3 % vs. 
36.7 %;  p  < 0.0001). Fractures occurred in 3 % of 
stents implanted, and none resulted in loss of 
patency or target lesion revascularization. 

 The ASTRON trial is recently published ran-
domized, multicenter European trial which ran-
domized 34 patients to primary stent implantation 
and 39 patients to PTA with optional secondary 
stenting. The study used a second-generation 
design (Astron, Biotronik, Germany). In the PTA 
group, secondary stenting was performed in 10 of 
39 patients (26 %) due to a suboptimal result after 
balloon dilation. Sonographic restenosis rates at 
12 months were 34 % in the stent group com-
pared to 61 % in the PTA group  [  114  ] . 

 Reports of nitinol stent fractures were  fi rst 
noticed in the SFA in the SIROCCO phase I 
study, occurring in 18.1 % of the used stents 
(SMART, Cordis). A strong association was  fi rst 
noted between the placement of multiple overlap-
ping stents in long lesions and development of 
fractures  [  106  ] . Scheinert et al. subsequently 
demonstrated that stent fracture rate can be as 
high as 37 % with some designs and is highly 
correlated with stent occlusion (four- to sixfold 
higher in the fracture group)  [  115  ] . To further 
evaluate the impact of multiple stent deployment, 
a nonrandomized multicenter trial assessed the 
utilization of single up to 15 cm long stents 
[Protégé (eV3)] in the SFA; the results demon-
strated a 12-month primary patency rate of 72.2 % 
, but the stent fracture rate remained high at 8.1 % 
(DURABILITY I trial)  [  116  ] . A recent meta-
analysis of the current literature con fi rmed the 
cumulative incidence of stent fractures ranging 
from 6 to 100 per 1,000 person-months  [  117  ] . 
Stent fractures occurred more frequently in the 
distal super fi cial femoral artery and were more 
common when multiple stents are deployed and 
overlapped. Stent fractures are progressive over 
time, associated with a higher risk of in-stent 
restenosis and reocclusion  [  117  ] . Thus, these 
fractures are not inconsequential. 

 The DURABILITY II trial is a uniquely 
designed study that was recently concluded. This 
is a prospective, multicenter, single-arm study 
evaluating the Protégé EverFlex® (eV3) Self-
Expanding Stent System for the treatment of SFA 
and proximal popliteal lesions using a single long 
nitinol stent (up to 200 mm). The study is designed 
to test the hypothesis that single stent therapy 
may translate into a reduced incidence of stent 
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fractures and, therefore, a reduced 12-month TLR 
rate. Enrollment into the DURABILITY II trial 
enrolled a total of 287 patients at 44 centers in the 
USA and Europe and was completed in April 
2010, and publication of the results is awaited. 

 Despite continued uncertainty in the role of 
stents in the infrainguinal segment, the initial rec-
ommendation of TASC to reserve stent place-
ment for PTA failure might have to be revisited in 
light of improved stent technology. Better under-
standing of biomechanical forces exerted on the 
SFA, salvage of stent failure, and cost bene fi t 
evaluations, however, need to be considered when 
using a permanently implantable device in the 
femoropopliteal segment. This has resulted in a 
number of very innovative, next-generation stents 
designed speci fi cally for the SFA and popliteal 
segments. Each of these possesses advantages 
and drawbacks but overall allows the interven-
tionist to customize the type of stent used to the 
speci fi c demands of each clinical situation. 

 The SUPERA™ (IDEV Technologies, Inc.) 
stent represents a new class of self-expanding 
nitinol stents designed speci fi cally for the SFA. 
The interwoven design allows for superior radial 
force,  fl exibility, durability, and vessel confor-
mity compared to traditional laser-cut nitinol 
tube stent designs. Prior reports have demon-
strated that fractures rarely occur with coil stent 
designs, suggesting that they are more compati-
ble with the biomechanical forces present in the 
SFA  [  117  ] . Although no published studies are 
available on this stent, a number of case reports 
and cases studies in popular open-access publica-
tions report excellence performance in areas of 
high mobility, and its remarkable strength and 
resistance to fracture make it ideal for managing 
heavily calci fi ed lesions. Data from the Leipzig 
SUPERA registry was presented at the meeting 
showing 12- and 24-month primary patency rates 
of 90 and 87 % in the SFA and 85 and 73 % in the 
popliteal artery ( S .  Bräunlich     et al.  Leipzig 
Interventional   Course - LINC ,  2010 ). The 
SUPERB trial (sponsored by IDEV Technologies, 
Inc.) is currently underway to evaluate the perfor-
mance of the SUPERA stent to PTA. 

 Another next-generation stent concept is 
exempli fi ed in the HYPERION and SAMBA 

stent designs (NovoStent Corporation). The 
design is that of a nitinol helical platform with a 
closed cell pattern. The design is extremely 
 fl exible yet has a very strong radial force and has 
high durability due to the lack of axial connec-
tors. Clinical experience remains scant with these 
stents. 

 Yet, another promising femoropopliteal-
speci fi c stent design is the FlexStent (Flexible 
Stenting Solutions, Inc., Eatontown, NJ). The 
proprietary helical design is fully interconnected 
to prevent “ fi sh scaling,” which offers high 
 fl exibility, radial strength, conformability, and 
fracture resistance. The design also has the advan-
tage of straightforward and reconstrainable 
deployment system. Although no publications 
exist, interim clinical results with the FlexStent 
in the SFA from two pooled European sites were 
recently presented, with a 6-month patency rate 
of 92.3 and 0 % fracture rate ( A .  Holden  et al. 
 VIVA - 2010 conference ).  

   Stent Grafts 
 Covered stents in the femoropopliteal segment 
have the potential advantage of decreased cellu-
lar ingrowth and decreased intimal hyperplasia 
and are in structure closest to surgical grafts. 
The initial experience, however, utilizing an 
expandable nitinol stent covered with woven 
polyester, Cragg EndoPro System, demonstrated 
substantial complication rates and limited pat-
ency  [  118  ] . The early stent designs have pro-
gressed to more durable and biocompatible 
devices. To date, the Viabahn (GORE) end graft, 
an expanded polytetra fl uoroethylene (ePTFE) 
with an external nitinol stent is the only endograft 
with FDA approval for use in the SFA. Data 
from a single center that took part in the 
Hemobahn multicenter randomized registry was 
published, comparing PTA to an early genera-
tion Viabahn design demonstrated high techni-
cal success rates and patency bene fi t at 12 months 
for the endograft  [  21  ] . Others reported mixed 
results with the device. Lammer et al. in a mixed 
patient population including treatment of iliac 
and femoro popliteal arteries mostly TASC A or 
B lesions reported acute thrombosis rate of 4 % 
and reocclusion rates at 1 year of 20 %  [  119  ] . 
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The primary patency rate was 90 % at 6 months 
and 79 % at 12 months, respectively. 
Deutschmann et al., on the other hand, published 
disappointing results with primary patency rates 
at 3 and 6 months of 61 and 49 %  [  120  ] . Twenty-
two percent of patients had early reocclusions at 
less than 1 month, and an additional 49 % of all 
grafts were occluded at 7 months. Signi fi cant 
intimal hyperplasia was seen at the leading and 
trailing edges of the stent and the highest reoc-
clusion rate in stents over 10 cm in length. Saxon 
more recently reported on the long-term follow-
up  [  105  ] , with 2-year patency rates in the 
Viabahn group of 87 % compared to 25 % in the 
PTA group. Remarkably, at 4-year follow-up, a 
primary patency of 55 % and secondary patency 
of 79 % were maintained without evidence of 
stent fractures. Notably, devices of 5-mm diam-
eter (was it only diameter 5 or 5 and smaller) 
had a signi fi cantly lower patency, while neither 
total stented length nor extension of the stent 
graft across the knee joint had no impact on 
patency. 

 One important, recent, prospective random-
ized study compared a single-center experience 
with the Viabahn endograft compared to pros-
thetic femoral to above-knee popliteal bypass 
grafting in 86 patients with claudication  [  121  ] . 
Primary patency at 1 year was identical at 74 %, 
demonstrating comparability of the two tech-
niques at 1 year in a head-to-head comparison. 

 The VIBRANT multicenter randomized trial 
comparing the Viabahn stent graft to nitinol bare 
metal stents in patients with long-segment lesions 
(TASC C, D). Interim 12-month data was pre-
sented at the 2010 New Cardiovascular Horizons 
meeting (B. Weinstock et al.), showing compa-
rable patency rates and TLR rates with both 
Viabahn and bare nitinol stents. Patient enroll-
ment was recently completed and data should 
soon become available. It should be noted that 
the Viabahn devices used in the VIBRANT trial 
suffer from two major drawbacks, lack of heparin 
bonding and no proximal edge contouring 
modi fi cation which may have important implica-
tion on the restenosis rates, given the fact that the 
primary modes of failure of the Viabahn are edge 
restenosis and thrombosis. 

 The VIPER trial compared the Viabahn endo-
prosthesis with PTA alone in the SFA  [  122  ] . This 
was a prospective, multicenter randomized study 
that compared 100 patients treated with PTA with 
97 patients treated with stent-graft placement for 
stenoses or occlusions of the SFA that were 13 cm 
long or shorter. The 1-year primary vessel pat-
ency rate by duplex ultrasonography was 65 % 
with the Viabahn compared to 40 % with PTA 
alone.  

   Drug-Eluting Stents 
 Recent literature on sirolimus or paclitaxel drug-
coated stents in the coronary arteries has shown 
excellent outcomes with low rates of target lesion 
revascularization at long-term follow-up. There 
have only been few published trials in the SFA. 
The  fi rst such randomized trial (SIROCCO-I) 
compared sirolimus-eluting versus bare stents 
(SMART, Cordis)  [  123  ] , with 6-month angio-
graphic follow-up demonstrating a statistically 
improved mean vessel diameter in the sirolimus 
group but no decreased restenosis rate. In the 
extension phase of the same trial (SIROCCO-II), 
57 additional patients with SFA lesions were ran-
domized to treatment with sirolimus-slow-eluting 
versus bare metal SMART stents  [  124  ] . Although 
there was a trend for inhibition of intimal hyper-
plasia in the sirolimus group, there were no sta-
tistically signi fi cant differences among the 
endpoints between the bare and drug-eluting stent 
groups. 

 A more recent multicenter randomized trial 
was recently concluded in which paclitaxel-elut-
ing nitinol stent (Zilver PTX, Cook) was com-
pared with PTA alone and bare metal stents in 
those who underwent stenting for suboptimal 
PTA outcome. The study involved 55 sites in the 
USA, Japan, and Germany and enrolled 479 
patients. Preliminary analysis demonstrated 
signi fi cantly higher 12-month patency with Zilver 
PTX compared with bare metal Zilver (90 % vs. 
73 %)  [  125  ] . 

 The STRIDES trial is another nonrandomized 
study using the everolimus-eluting Dynalink 
stent (Abbott) and is currently underway to look 
primarily at 12-month in-stent restenosis rate. No 
preliminary data is available yet.  



234 M.J. Sharafuddin et al.

   Biodegradable Stents 
 With current stent designs, one of the main prob-
lems with stenting in the SFA region seems to be 
related to the presence of the stent itself. As a 
result, the argument that stents made of absorb-
able,  fl exible materials may in fact be an ideal 
alternative to permanent nitinol stents in the SFA. 
Not only would an absorbable stent provide an 
ideal temporary vessel scaffolding but may also 
provide a useful vehicle for local delivery of 
pharmacological agents aimed at reducing throm-
bogenicity, enhancing healing, and inhibiting 
neointimal hyperplasia. 

 The demand for this technology has so far 
been stronger for the coronary circulation and for 
below-the-knee interventions where the percuta-
neous pro fi le of the delivery systems necessary 
for these stents can be safely tolerated. 
Investigation of these stents in the femorop-
opliteal circulation has been scant. The Igaki-
Tamai biodegradable peripheral stent was recently 
evaluated in a limited trial as part of the PERSEUS 
study. This device is a new knitted stent made 
from poly- l -lactic acid (PLLA) and is entirely 
biodegradable. The PERSEUS Igaki-Tamai stent 
trial was a prospective, nonrandomized, single-
center, pilot study that recruited 45 patients with 
de novo lesions of the SFA (TASC types B and 
C). Interim results have only been published in an 
abstract form  [  126  ] . The primary implantation 
success rate was 100 % with no serious adverse 
events. The 6-month angiographic results revealed 
no reocclusions although there were nine symp-
tomatic restenoses that were all successfully 
retreated, leading to an impressive assisted pri-
mary patency rate of 91 % at 9 months. It has 
been speculated that the restenoses seen may be 
related to an in fl ammatory reaction during the 
bio-absorption of the stent. 

 A related bioabsorbable stent design is the 
REVA stent that has been studied in the coro-
nary arteries. The ReZolve Bioresorbable 
Coronary Stent (REVA Medical, Inc.) is a fully 
bioresorbable stent system, with an integral 
paclitaxel-eluting coating. The polymer is com-
bined with slide-and-lock technology, a stent 
design that allows deployment without signi fi cant 

deformation of the stent structure. This is a major 
advantage as polymers are not as resistant to 
deformation as metals. A clinical coronary trial 
is anticipated, but no peripheral trials have been 
announced. 

 Another class of bioabsorbable stents are 
absorbable metallic stents. One such device has 
already been evaluated (AMS, Biotronik  GmbH  
& Co., Switzerland). The stent material is com-
posed of an alloy containing 90 % magnesium in 
combination with different rare earth elements 
and has been experimentally shown to be fully 
absorbed by the surrounding vessel wall in 
homogenous degradation process with no risk of 
particle migration or microembolism. 

 This device has been clinically evaluated in 
the infrageniculate peripheral vascular system in 
the AMS-INSIGHT trial (Absorbable Metal Stent 
Investigation in Chronic Limb Ischemia 
Treatment). Results from this prospective, multi-
center, randomized clinical trial evaluating the 
AMS for the treatment of infrapopliteal lesions in 
patients with CLI were recently published  [  127  ] . 
One hundred seventeen patients with 149 lesions 
with chronic limb ischemia (CLI) were random-
ized to implantation of an AMS (60 patients), 
stand-alone PTA (57 patients), and PTA with 
“crossover” to AMS (six patients). Unfortunately, 
the 6-month angiographic patency was 
signi fi cantly lower with AMS (32 % vs. 58 %). 
However, the importance of this study is that it 
demonstrated the feasibility of this technology. 
The value of such a paradigm in the larger femo-
ropopliteal vessels still needs to be evaluated.    

   Peri- and Postprocedural 
Medical Therapy 

 The intraprocedural use of unfractionated heparin 
(UFH) remains the most widely utilized and 
unchallenged antithrombin modality during 
peripheral endovascular interventions  [  128  ] . 
However, with the increasing complexity of mod-
ern peripheral endovascular interventions, espe-
cially in patients presenting CLI, the impact of 
thromboembolism and distal microembolization 
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has become even more signi fi cant. It is becoming 
clear that some of the high-risk interventions will 
have to be performed in conjunction with distal 
protection devices. However, perhaps more impor-
tant are the lessons learned on the importance of 
combined antiplatelet and direct thrombin inhibi-
tion in high-risk percutaneous coronary interven-
tions that are quite applicable to the CLI patient 
population. Various combination and strategies 
can be used ranging from simple combination of 
clopidogrel pretreatment or loading with UFH or 
LMWH to the use of GP IIb/IIIa inhibition com-
bination with a direct thrombin inhibitor. The 
combination of epti fi batide with bivalirudin has 
become popular in high-risk complex peripheral 
interventional procedures  [  129  ] . However, more 
conclusive randomized multicenter trials will be 
needed to properly evaluate these approaches, in 
terms of safety and cost-effectiveness. 

 As far as the postprocedural medical anti-
thrombotic therapy, the regimen will depend on 
the class of the intervention itself, atherosclerotic 
disease burden, speci fi cs of the prosthesis used, 
status of in fl ow and runoff, and the presence of 
hypercoagulability state. However, in general, 
there is strong evidence that routine antiplatelet 
therapy is indicated after angioplasty. Aspirin has 
been the mainstay, but not everyone has adequate 
response to aspirin  [  130  ] . The CAPRIE study 
indicated a bene fi t of treatment of clopidogrel 
(Plavix) for patients with PAD. The relative risk 
reduction of any vascular event over the use of 
aspirin was 24 %  [  131  ] . In patients treated with 
angioplasty, the effect of clopidogrel on the long-
term patency of the vessel is unclear. Still, the 
risk appears low and the drug is probably more 
effective than aspirin. Since aspirin and clopi-
dogrel work by different mechanisms of platelet 
inhibition, there likely is some synergy. Therefore, 
aggressive post-PTA treatment would include 
both aspirin and clopidogrel. The duration of 
clopidogrel therapy after PTA remains matter of 
debate. Routine use of warfarin is even less clear. 
There is no large study of Coumadin in angio-
plasty patients. A randomized study of aspirin 
versus Coumadin in 2,690 bypass grafts showed 
no improvement in vessel patency with Coumadin 

compared to aspirin alone  [  132  ] . The risks asso-
ciated with Coumadin are certainly higher than 
with aspirin. Coumadin is reserved in our prac-
tice for post-PTA patients who are at high risk for 
thrombosis. Examples of this include patients 
with recurrent bypass thrombosis, patients with 
stent-graft thrombosis, and patients with a known 
or strongly suspected hypercoagulable state.  

   Conclusion 

 In patients with PAD, all therapeutic options 
should be considered as the treatment modal-
ity should be individualized based on lesion-
speci fi c characteristics as well as operator 
preference. Patients with minimal symptoms 
are best treated conservatively with progres-
sive walking program and risk factor 
modi fi cation. Despite this conservative man-
agement, further therapy will be needed in at 
least 25 % of these patients. 

 Once the decision is made to intervene, a 
baseline noninvasive evaluation is obtained. 
A cross-sectional angiographic imaging modal-
ity and/or conventional angiography can then 
be performed. At least one-third of patients 
will demonstrate a lesion amenable to endo-
vascular therapy. The appropriate intervention 
should be chosen based on the underlying vas-
cular anatomy, the associated risk factors, the 
availability of a vein for a bypass graft, the 
patient’s desires, and the technical expertise of 
the physicians involved. 

 PTA remains an excellent treatment tool in 
the femoropopliteal and tibial arteries. Use of 
vascular stents in the femoropopliteal system 
appears to be bene fi cial in patients with a sub-
optimal PTA result and long lesions (TASC C, 
D). Unfortunately, stents are limited by rest-
enosis and potential fractures. Medical ther-
apy, new generation atherectomy devices, 
cutting balloons, stent grafts, drug-eluting 
stents, excimer laser, and cryotherapy are all 
being investigated as means of prolonging the 
patency. These and other potential tools for 
endovascular therapy will continue to expand 
the role of the interventionist in the manage-
ment of vascular disease.      
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 Venous disease affects large numbers of people in 
the United States, approximately 25 % of women 
and 15 % of men  [  1  ] . It encompasses a broad 
spectrum of symptoms, ranging from asymptom-
atic spider veins, bulging of the great saphenous 
vein (GSV) to leg swelling, and ulceration of the 

calf or ankle. Chronic venous insuf fi ciency (CVI) 
implies valvular incompetence with re fl ux of the 
deep and super fi cial systems, or within the 
super fi cial system itself. Venous blood  fl ow is dis-
turbed primarily due to valvular incompetence 
and  fl ows in a retrograde direction down into the 
leg, particularly at times of prolonged sitting or 
standing. There are many reasons venous 
insuf fi ciency develops, including pregnancy, obe-
sity, lifestyle or job-related activities, familial/
genetic factors, deep vein thrombosis, and idio-
pathic cases. 

 CVI is de fi ned by a number of available clini-
cal tools including the CEAP (Clinical Etiology 
Anatomy Pathology) classi fi cation system, VCSS 
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(Venous Clinical Severity Score), and a variety of 
quality of life (QoL) systems  [  2  ] . These tools 
enable standardized reporting such that different 
patient populations in various studies and centers 
can be compared in a similar fashion. Advanced 
CVI is used to describe patients with CEAP clini-
cal classes 4–6, with skin changes of lipoderma-
tosclerosis, hyperpigmentation, atrophie blanche, 
and healed or active venous ulcers. This group of 
patients represents the most challenging group to 
work with, but at the same time some of the most 
rewarding. The venous components of super fi cial 
veins, perforator veins, deep veins, and pelvic 
out fl ow frequently all require evaluation for com-
plete treatment of this challenging patient 
population. 

 The treatment options for chronic venous 
insuf fi ciency have changed dramatically over the 
last 10 years. The advent of minimally invasive 
techniques has expanded the surgical options for 
patients requiring treatment and has led to a pro-
liferation of vein centers worldwide. Traditionally, 
venous insuf fi ciency was treated successfully 
with high ligation and stripping of the greater 
saphenous vein. Current procedures are clinic-
based with local anesthesia compared to previous 
surgery in a hospital operating room requiring 
general anesthesia. Contemporary methods uti-
lize ablation of the vein with endoluminal tech-
niques, rather than physical removal of the 
diseased veins. 

 The endoluminal vein treatments can be per-
formed for both the super fi cial venous system of 
greater and small saphenous veins as well as for 
perforator veins. The most commonly used treat-
ment options are radiofrequency ablation, laser 
ablation, and sclerotherapy (foam and liquid). 
These ablative techniques each use a source of 
energy which results in progressive  fi brosis of the 
vessel and occlusion  [  3  ] . Radiofrequency and 
laser ablation use energy in the form of heat to 
obliterate the vein, and sclerotherapy uses a 
chemical that is injected directly into the vein 
causing injury. 

 Ultrasound imaging is paramount to the suc-
cess of the treatment of venous disease. As a 
diagnostic tool, ultrasound has been found to be 
very versatile, accurate, and reproducible. 

Different venous components can be directly 
imaged and waveform analysis performed to 
determine location and degrees of obstruction 
and re fl ux. Venography has largely been replaced 
by ultrasound. The ablation techniques all need 
ultrasound imaging for diagnosis and intraproce-
dural guidance. Later ultrasound can also be used 
to evaluate the anatomic success of the treatment 
and check for thrombotic complications. 

 Tumescent anesthesia is also critical in the 
performance of radiofrequency and laser ablation 
procedures. Its use is effective at avoiding injury 
to both skin and nerves during treatment. It pro-
tects the perivascular tissues from the thermal 
energy and allows for targeted absorption by the 
treatment area  [  4  ] . Tumescent anesthesia enables 
treatment in the outpatient clinic setting and has 
minimal discomfort for the patient. Additionally, 
multiple adjunctive phlebectomies can be per-
formed in the clinic, which previously would not 
have been possible without tumescence. 

   Super fi cial Veins 

 The focus of venous treatment historically and 
currently focuses on the super fi cial venous sys-
tem. The majority of patients with advanced 
venous disease have valvular incompetence in 
their saphenous veins; however, modern ultra-
sound descriptions show that patients have a mul-
tisystem incompetence in the deep, super fi cial, 
and perforating veins  [  5 ,  6  ] . Although standard 
venous surgery has been focused on the super fi cial 
veins, a more complete venous evaluation may be 
necessary to determine the speci fi c sites of 
incompetence of as well as prevent recurrence. 
Traditionally, the saphenofemoral re fl ux is 
thought to be responsible for most of the skin 
changes in venous insuf fi ciency. Therefore, most 
ablation procedures are performed on the 
super fi cial venous system. Both the greater and 
small saphenous veins have been treated with 
ablation techniques. 

 Comparisons between percutaneous ablation 
techniques and conventional stripping indicate 
that the less invasive procedures are associated 
with improved outcomes. Patients who have 
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received ablation techniques generally return to 
normal activities at a faster rate and report less 
pain as compared to patients using stripping  [  7 , 
 8  ] . Overall, societal costs are less in the ablation 
group, because they can return to work sooner 
 [  8  ] . Recurrence from neovascularization is less 
common in ablation groups. In cases where strip-
ping was associated with equivalent times for 
returning to work, tumescent anesthesia was used 
and phlebectomies were performed on the 
patients. Regardless of the situation, conventional 
stripping was linked with more pain and bruising 
compared to ablation techniques  [  9  ] .  

   Techniques: Radiofrequency 
and Laser Ablation 

 Radiofrequency (RF) and laser ablation proce-
dures use similar processes. Depending on the 
proposed vein segments to be treated, careful 
evaluation of the GSV from the saphenofemoral 
junction down to the knee or below the knee is 
performed. Size, depth, duplication, and general 
course of the vein are all noted. Treatment gener-
ally is isolated to above-the-knee segment to 
reduce the incidence of parethesias  [  10  ] , although 
more extensive areas can be treated. Ultrasound 
guidance is used to access the vein percutane-
ously. If this is not feasible, a small incision can 
be made to dissect the vein or capture it with a 
vein hook to directly access it. 

 A catheter is passed up through the thigh using 
ultrasound or  fl uoroscopic guidance and guide-
wires if necessary. There are two types of RF 
catheters and several types of laser  fi bers with 
different wavelengths available from manufactur-
ers. The  fi nal position of the catheter is placed 
2 cm below the saphenofemoral junction, prefer-
ably below the junction of the inferior super fi cial 
epigastric vein within the GSV to preserve  fl ow 
through the saphenofemoral junction and reduce 
thrombotic complications. 

 Perivenous tumescent anesthesia is injected to 
provide analgesia. Thermal ablation of the vein is 
painful and not possible with currently available 
devices without tumescent anesthesia. It also 
compresses the vein onto the catheter for more 

effective treatment and separates the catheter’s 
thermal effects from the surrounding soft tissues, 
importantly the skin and saphenous nerve. The 
patient is placed in the Trendelenburg position 
either with or without external compression to 
increase vein wall contact. Using the manufac-
turer’s instructions, the catheter is pulled back at 
a speci fi ed rate which varies by device. Ultrasound 
is then used to con fi rm an ablated appearance of 
the vein and patency of the common femoral 
vein. Color  fl ow and Doppler signals should be 
absent and the saphenous vein should appear 
small, thickened, and minimally compressible, 
while the common femoral vein should be fully 
compressible. 

 Following these procedures, a compressive 
bandage with wraps or stockings is applied. The 
patient should be reevaluated in a few days with 
venous duplex to examine the treated vein and 
rule out a thrombotic complication.  

   Techniques: Sclerotherapy 

 Sclerotherapy is performed with similar tech-
niques but with some important differences. 
Ultrasound guidance is necessary so that the 
saphenous vein can be accessed in the thigh with 
a short catheter. Sclerotherapy can be in a liquid 
or foam; however, the foam sclerotherapy results 
have generally been better than the liquid version 
in randomized trials  [  11 ,  12  ] . 

 Foam sclerosant is created by mixing a gas 
(generally room air) in one syringe with a sclero-
sant in a second syringe using a stopcock. The 
most widely used process, also known as the 
Tessari method, uses ratio of 1:4, sclerosant to air 
 [  13  ] . The foam sclerosant modi fi cation is not 
FDA approved and should be discussed  fi rst with 
the patient. Sclerotherapy is not painful and does 
not require tumescence, which is a distinct advan-
tage over the thermal ablation procedures. 

 Once the foam sclerosant is made, it is injected 
toward the saphenous junction using ultrasound 
guidance. Injection is stopped when the foam is 
close to the junction. A recent report suggests 
that less foam travels to the deep venous system 
if the injection is performed with the leg elevated 
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 [  14  ] . Stocking should be applied at the end of the 
procedure.  

   Comparisons of Super fi cial Venous 
Treatments 

 Endoluminal treatments of super fi cial veins have 
generally produced good results. Also, it has been 
suggested that endoluminal treatments of saphen-
ous incompetence have decreased neovascular-
ization and are subject to less recurrence than 
stripping. Although branches are left at the 
saphenofemoral junction with ablation which is 
classically ligated with high ligation, recurrence 
due to neovascularization is thought to be an 
in fl ammatory response related to surgical trauma 
at the saphenofemoral junction  [  7  ] . 

 Direct comparisons between endoluminal 
techniques and stripping have been studied by 
several randomized trials over the last decade, but 
most studies are limited by small numbers of 
patients. The  fi rst trial to be published was the 
EVOLVeS trial comparing radiofrequency abla-
tion to stripping  [  7  ] . This initial report docu-
mented early bene fi t of radiofrequency ablation 
over stripping in terms of pain, return to work, 
and quality of life scores. A follow-up study at 
2 years demonstrated persistent obliteration of 
the saphenous veins, equivalent varicose vein 
recurrence, and continued improved quality of 
life scores in the ablation group  [  15  ] . Subsequent 
randomized trials of radiofrequency ablation 
compared to stripping have been performed and 
published with mixed results  [  16–  18  ] . In Perälä’s 
report, early failures of saphenous closure led to 
high recurrence rates and inferior outcomes  [  15  ] . 
The other studies demonstrated more rapid recov-
ery from the ablation procedure with less compli-
cations, less pain, shorter hospital stays, earlier 
return to work, and improved quality of life scores 
 [  17 ,  18  ] . The varicose vein recurrence was dem-
onstrated to be equivalent. 

 Laser ablation compared to stripping has been 
reported in three randomized trials. In the trial 
by Pronk, stripping was performed with tumes-
cence and surprisingly demonstrated worse early 
postoperative pain in the laser group  [  19  ] . 

Follow-up at 1 year showed equivalent outcomes. 
Carradice however showed better early pain 
scores, improved quality of life scores, and ear-
lier return to work with laser ablation  [  20  ] . 
Another randomized trial with 2-year follow-up 
demonstrated midterm equivalent outcomes with 
similar varicose vein recurrence and quality of 
life scores  [  21  ] . 

 Saphenous ablation by radiofrequency com-
pared to laser has also been studied and pub-
lished. Almeida looked at early recovery from the 
procedure and found that radiofrequency had less 
pain and bruising that seemed to equalize by 
4 weeks  [  22  ] . Goode and Gale likewise demon-
strated improved early outcomes with radiofre-
quency compared to laser in terms of pain, 
bruising, and improvement in venous clinical 
severity scores (VCSS) that became equivalent 
by 1 month  [  23 ,  24  ] . Over the 1-year follow-up 
by Gale, there were more recanalizations in the 
radiofrequency group noted, leading to a more 
durable saphenous ablation in the laser group 
 [  24  ] . 

 Several meta-analyses have been published 
comparing radiofrequency and laser saphenous 
ablation,  fi nding that generally the success rates 
for laser and radiofrequency have been reported 
to be over 90 % with laser being slightly higher 
than radiofrequency  [  25–  28  ] . 

 Only a few trials of foam sclerotherapy com-
pared to surgery have been reported with most 
including a saphenofemoral ligation in combina-
tion with the sclerotherapy portion. One trial 
comparing foam sclerotherapy alone randomized 
against stripping in patients with healed venous 
ulcerations  [  29  ] . Both groups had signi fi cant 
improvements in pain and swelling, and indura-
tion was equivalent. 

 The dreaded complication of saphenous abla-
tion is a deep venous thrombosis. This is seen as 
an extension of thrombus from the saphenous vein 
into the common femoral vein (Fig.  17.1 ). 
Generally, the reports of these types of complica-
tion are less than 1 %  [  30  ] . There have been other 
reports of 16 % occurrence of thrombus in an iso-
lated series. Paresthesia has been reported up to 
15 % of the patients, but generally these symp-
toms are self-limited and improve with time  [  10  ] .  
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 Comparisons between small saphenous abla-
tion and radiofrequency and laser techniques are 
small in number. The occlusion rates are good 
(90 %), the complications have been uncommon 
(very few thrombus), and paresthesia rate is sur-
prisingly low (2–7 %)  [  31–  33  ] . 

 Foam sclerotherapy has been inconsistent with 
reports of occlusion rates ranging from 39 to 
96 %  [  12  ] .    Another recent reports occlusion rates 
as high as 80–90 %  [  34  ] . Mixed reports of foam 
sclerotherapy for small versus the great saphen-
ous veins exist. 

 There is some concern about the safety of 
foam sclerotherapy. Clearly some of the foam 
sclerosant travels into the deep system and sys-
tem circulation. Travel into the pulmonary circu-
lation presumably will  fi lter most of the 
microbubbles, but patent foramen ovale can 
enable travel into the arterial system. Thousands 
of patients are treated worldwide, and the most 
commonly reported issues are transient visual 
disturbances  [  34  ] . Echocardiography has dem-
onstrated bubbles visualized in the heart  [  14  ] , 
and there have been infrequent reports of stroke 
and TIA  [  35–  37  ] . Generally, in spite of these 
cases, the results are good with very few compli-
cations  [  38  ] .  

   Iliac Vein Obstruction Syndrome 

 An increasingly recognized major contributor to 
chronic venous insuf fi ciency is iliac vein obstruc-
tion syndrome. Described originally as May-
Thurner syndrome, this condition has been well 
described as compression of the left common 
iliac vein by the right common iliac artery or a 
variant  [  39  ] . This compression is clearly associ-
ated with iliofemoral deep vein thrombosis, and 
investigation and treatment of such a lesion is 
paramount to successful treatment. Clinical pre-
sentation can vary widely from asymptomatic or 
more problematic with pain, swelling, and skin 
changes including ulcers. Expansive work has 
been published by Dr.’s Neglen and Raju among 
others on this topic  [  40–  42  ] . Clinical suspicion 
about this pathological condition is raised in the 
presence of postthrombotic changes, pain in the 
leg not explained by varicosities, multiple levels 
of unexplained axial re fl ux in the deep system, 
and unexplained swelling. Out fl ow obstruction 
leads to increased pressure in the venous system 
in the leg causing progressive pathological 
changes of re fl ux and chronic venous insuf fi ciency 
of widely varying degrees. 

 Testing with duplex ultrasound in patients 
with CVI should always include a comparison of 
the femoral waveforms between the right and 
left legs. Normal respiratory variation in the 
Doppler waveforms is expected with pulsatile 
waveforms in some patients. Patients with iliac 
vein obstruction syndrome may have blunted or 
continuous waveforms, and if different from the 
contralateral leg, this is highly suggestive 
(Figs.  17.2  and  17.3 ). Collateral  fl ow however 
may be adequate such that this duplex  fi nding is 
not present and a high degree of suspicion should 
prompt further evaluation. Magnetic resonance 
imaging of the venous system with time of  fl ight 
image sequencing can be done of the pelvic and 
abdominal veins without the use of contrast and 
frequently yields diagnostic studies. Venography 
with intravascular ultrasound is the gold stan-
dard and has proven the most sensitive to the 
 fi nding of compression by comparing cross- 
sectional area of the iliac veins at different levels 
(Fig.  17.4 ).    

  Fig. 17.1    Saphenofemoral thrombus       

 



248 E.K. Peden and N. Ismail

 Modern treatment of iliac vein obstruction 
syndrome is endovascular. Angioplasty alone has 
been found to be far inferior to stenting. Self-
expanding stents are placed with deployment of 

the stent ensuring adequate proximal and distal 
landing zones to reduce the chance of restenosis. 
Routinely, this requires coverage into the inferior 
vena cava and may require extension of the stent 

  Fig. 17.2    Continuous 
femoral vein waveform       

  Fig. 17.3    Normal phasic 
femoral vein waveform       
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down across the inguinal ligament into the com-
mon femoral or even femoral vein. The key to the 
stenting is adequate size and extent of the cover-
age to ensure proper  fl ow. 

 Results of stenting have been reported out to 
6 years with primary patency 67 %, primary 
assisted patency 89 %, and secondary patency 
93 %. Results are considerably better for non-
thrombotic cases. Clearly improved as well is that 
primary assisted patency is superior to secondary 
patency and thus all patients that have undergone 
iliac vein stenting should be enrolled in a surveil-
lance program to reduce the chance of stent throm-
bosis. Clinically, the parameter most impacted by 
iliac vein stenting is pain with improvements in 
quality of life measurements. Swelling, ulcer heal-
ing, and venous clinical severity scores are all also 
reported to improve signi fi cantly after treatment.  

   Perforator Veins 

 Perforator vein treatment in the algorithm for 
chronic venous disease has been the subject of 
multiple debates and signi fi cant controversy  [  43 , 
 44  ] . It is generally agreed upon that perforator 
veins do play a signi fi cant role in advanced 

venous disease, but bene fi ts from their treatment 
are poorly studied. In addition, the appeal of per-
forator vein treatment has  fl uctuated considerably 
over time. Initial description of the perforator 
veins and the Linton procedure led to early enthu-
siasm but was later tempered by high wound 
complication rates  [  43  ] . Later endoscopic tech-
niques led to operative procedures, but that too 
faded with poor results in postthrombotic limbs. 
Currently, the use of percutaneous techniques has 
caused resurgence in popularity of treating perfo-
rator veins  [  3  ] . 

 The most current procedure, termed PAPS 
(percutaneous ablation perforator surgery), shows 
some promising results. In this trial, treatment 
resulted in improved venous clinical severity 
scores and ulcer healing  [  3 ,  45  ] . Also, recurrence 
of ulcers and perforator veins was shown to occur 
simultaneously establishing a link between the 
two symptoms  [  43  ] . Taken together, these results 
suggest that patients who have received perfora-
tor vein treatment alone can address some of the 
disease states associated with advanced venous 
disease and certainly suggest a role for the treat-
ment of perforator veins in patients with advanced 
venous disease  [  46  ] .  

   Techniques: Perforator Veins 

 Depending on the use of radiofrequency, laser, or 
sclerotherapy, perforator treatment techniques 
vary. All the treatments, however, do involve the 
use of ultrasound guidance to accurately visualize 
access to the perforator veins and to validate treat-
ment effect. Perforator veins should demonstrate 
re fl ux across the fascial layer for greater than 0.5 s 
(Fig.  17.5 ). For radiofrequency and laser tech-
niques, the perforator vein is accessed directly, at 
or preferably below the level of the fascia. For the 
radiofrequency perforator probe, two techniques 
work effectively: an over-the-wire technique and 
direct puncture and treatment. Preferably, a large 
portion of the vein is treated or two focal areas. In 
the clinic setting, infusion of local anesthetic 
around the area of the catheter prevents pain, and 
use of external pressure ensures good contact 

  Fig. 17.4    Venogram demonstrating common iliac vein 
occlusion       

 



250 E.K. Peden and N. Ismail

between the probe and vessel wall. The laser  fi ber 
can then be passed directly through a 21-gauge 
needle allowing for two to three focal treatments 
for 5 s each. Just as with radiofrequency, it is 
important to infuse local anesthetic around the 
catheter tip and hold external pressure. The man-
ufacturer for radiofrequency ablation suggests a 
4-min treatment, basically toggling the probe to 
contact each of the four walls for 1 min each. 
During treatment, the impedance reading on the 
machine can be helpful to con fi rm intravascular 
treatment. Following treatment, the vein is tested 
for re fl ux with duplex imaging, although the 
presence of the anesthetic can limit visualization. 
Generally, the perforator vein should appear 
shrunken and more echogenic with no color  fl ow 
visualized. After completion of the procedure, 
compress the area for a few minutes and apply 
compressive bandages.  

 Both foam and liquid sclerotherapy have also 
been utilized to treat perforator veins. Direct per-
forator access is not mandatory and commonly a 
nearby varix can be accessed. Ultrasound imag-
ing is used to visualize passage of the sclerosant 
into the perforator vein. Elevation of the leg is 
recommended and anesthetic is not required. As 
with radiofrequency and laser ablation, digital 
compression for a brief time followed by applica-
tion of compressive bandaging is common.  

   Perforator Vein Treatment Results 

 Although sclerotherapy was reported for perfo-
rator vein treatment over four decades ago  [  47  ] , 
results from perforator treatment are few and 
most of the information available is in the form 
of abstracts from national conferences. In gen-
eral, the results do report high occlusion rates 
and few complications  [  3  ] . Occlusion rates of 
75–98 % were reported with few complica-
tions; however, repeat intervention may be 
necessary. 

 Encouragingly, a report of percutaneous 
ablation of perforator veins with a saphenous-
style radiofrequency probe has been achieved 
successfully  [  48  ] . In fact, 81 % of the veins 
showed in this study had successful ablation in 
a 5-year follow-up including just under half of 
the original patients. A recent review indicated 
that 90 % of perforator veins that were treated 
with radiofrequency were occluded in short-
term follow-up  [  3  ] . 

 Success using laser ablation of perforators is 
equally as promising. It has been reported that 
85–100 % early closure rate with few complica-
tions is using laser ablation for perforator veins 
 [  49  ] . In addition, no deep venous thromboses, 
rare paresthesias, and a few blisters have been 
reported  [  3  ] . 

  Fig. 17.5    Incompetent 
perforator vein       
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 Overall, perhaps the biggest advantage of the 
PAPS technique is that it is reproducible. The 
previous, more invasive techniques of direct or 
endoscopic perforator ligation are very dif fi cult 
to repeat. Patients with the advanced chronic 
venous disease often have recurrence; therefore, 
repeatability of the treatments becomes increas-
ingly more important.  

   Conclusion 

 Endoluminal treatment of venous insuf fi ciency 
has rapidly gained widespread acceptance and 
has entered into mainstream practice. The 
advancement of minimally invasive techniques 
has enabled ambulatory clinic treatment in the 
majority of patients with varicose veins, get-
ting patients back to normal activity and work 
more rapidly than traditional open surgical 
methods. In addition, a more comprehensive 
view of the venous system including both 
super fi cial and perforator veins has achieved 
better results for patients with chronic venous 
disease. Increasing numbers of reports are 
being published in the literature with good 
results and low complication rates. As tech-
niques continue to evolve, patients will clearly 
bene fi t from these advances in technology.      
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   Introduction    

 Venous thromboembolism (VTE) is a common 
disorder and is comprised of two different but 
related clinical syndromes, deep vein thrombosis 

(DVT) and pulmonary embolism (PE). VTE is 
actually the third most common cardiovascular 
pathology after coronary artery disease and 
stroke  [  1  ] . 

 VTE has annual incidence rates varying from 
1 case per 10,000 in young adults to 1 per 100 in 
the elderly  [  2 ,  3  ] . The total number of new cases 
in the USA each year is more than 275,000. This 
is responsible for a cost of treatment of estimated 
2.5 billion dollars per year  [  4  ] . VTE is an impor-
tant cause of morbidity and mortality, particularly 
in hospitalized patients. PE is the cause of death 
or a major contributing factor in up to 16 % 
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  Abstract 

 Acute DVT is a common disease with potentially life-threatening 
consequences and long-term life-altering complications. It imposes huge 
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of the lack of sensitivity and speci fi city of its clinical manifestations. 
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long-term morbidity speci fi cally postthrombotic syndrome.  
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of patients who die in the hospital. However, in 
some series, the diagnosis of PE is suspected 
before death in less than one-third of patients. It 
is therefore important to have a high index of sus-
picion for the presence of VTE and to initiate 
appropriate diagnostic tests and therapy  [  5  ] . 

 It is also a signi fi cant source of long-term 
morbidity secondary to postthrombotic syndrome 
(PTS), due to chronic venous insuf fi ciency sec-
ondary to DVT and its sequelae. It is estimated 
that the cumulative incidence of PTS changes at 
1, 2, and 5 years are 17, 23, and 28 %, respec-
tively. The incidence of severe skin changes 
including venous ulceration is between 2.6 % at 
1 year and 9.3 % at 5 years  [  6  ] .  

   Pathophysiology 

   Etiology 

 In 1860, Rudolf Virchow described the famous 
triad of factors that are still considered the main 
factors in the pathogenesis of venous thrombosis, 
i.e., damage to the vein, slowing of the venous 
 fl ow, and changes in the blood leading to an 
increased tendency to form clots (hypercoagula-
bility). When DVT occurs in the setting of recog-
nized risk factor, it is often de fi ned as secondary, 
whereas that occurring in the absence of recog-
nizable risk factors is termed primary or idio-
pathic  [  7  ] . The risk factor associated with acute 
DVT is summarized in Table  18.1 .  

 Many contributing factors are associated and 
predispose to acute DVT, the details of which are 
beyond the scope of this book. Immobilization, 
prolonged travel particularly the “economy-class 
syndrome” which occurs in people who sit in a 
cramped position during extended aircraft  fl ights, 
is a well-recognized predisposing factor. History 
of previous venous thromboembolism, malig-
nancy, and recent surgery are considered high on 
the list of risk factors for acute DVT. Inherited 
thrombophilia with its different variants including 
factor V Leiden mutation, prothrombin gene muta-
tion, and protein C and S de fi ciency, just to name 
a few, is also a major risk factor especially of pri-
mary DVT. Acquired thrombophilia syndromes 

like lupus anticoagulants and anticardiolipin 
antibodies are also important risk factors. 
Pregnancy and the use of oral contraceptive pills 
have long been recognized as higher risk factors 
for the development of DVT in female popula-
tion. Also, anatomical compression of the veins 
especially the left common iliac vein (May-
Thurner syndrome) is a congenital risk factor for 
acute DVT of the left iliofemoral vein segment, 
which is  fi ve times as common as right iliofemo-
ral DVT  [  9  ] . The syndrome occurs due to the 
compression of the left common iliac vein by the 
right common iliac artery that crosses in front of 
the vein pinching it against the sacrum. In the 

   Table 18.1    Risk factors for acute deep venous thrombosis 
and pulmonary embolism   

 Risk factors for DVT 
or PE 

 Odds ratio  95 % Con fi dence 
interval 

 Hospitalization 
  With recent surgery  21.72  9.44–49.93 
   Without recent 

surgery 
 7.98  4.49–14.18 

  Trauma  12.69  4.06–39.66 
 Malignant neoplasm 
  With chemotherapy  6.53  2.11–20.23 
   Without 

chemotherapy 
 4.05  1.93–8.52 

 Previous central 
venous catheter or 
pacemaker 

 5.55  1.57–19.59 

 Previous super fi cial 
vein thrombosis 

 4.32  1.76–10.61 

 Neurologic disease 
with extremity paresis 

 3.04  1.25–7.38 

 Varicose veins 
  Age 45 years  4.19  1.56–11.30 
  Age 60 years  1.93  1.03–3.61 
  Age 75 years  0.88  0.55–1.43 
 Congestive heart failure 
   Thromboembolism 

not categorized as a 
cause of death at 
postmortem 
examination 

 9.64  2.44–38.10 

   Thromboembolism 
categorized as a 
cause of death at 
postmortem 
examination 

 1.36  0.69–2.68 

  Adapted from Heit et al.  [  8  ]   
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upper extremity, primary upper extremity DVT 
due to compression at the thoracic outlet (Paget-
Schroetter syndrome) is another variant of vein 
compression syndrome  [  10  ] .   

   Pathogenesis 

 The development of the acute thrombus starts at 
an area of stasis like the soleal veins or at the base 
of a valve cusp facing the valve sinus. It occurs 
due to disturbance of the balance between throm-
bosis and thrombolysis due to the variety of risk 
factors involved. Once the process starts, there is 
upregulation of the adhesion molecules P-selectin 
and E-selectin and thereby promotion of leuko-
cyte interactions. This sets the stage for 
in fl ammatory ampli fi cation of the thrombotic 
process  [  11  ] . Physiologic clot formation is bal-
anced by a constant process of thrombolysis to 
prevent pathologic thrombosis. Plasmin is the 
main  fi brinolytic enzyme, with its substrate being 
 fi brin,  fi brinogen, and other coagulation factors. 
The primary inhibitor of plasminogen activators 
is plasminogen activator inhibitor-1 (PAI-1). 
PAI-1 secretion is enhanced during the acute 
thrombosis process and may be a factor in sup-
pressing  fi brinolysis and thus promoting the pro-
cess of thrombosis  [  12  ] .  

   Natural History 

 The relative balance between organization, 
thrombolysis, propagation, recanalization, and 
rethrombosis determines the outcome of human 
acute DVT. Venous duplex ultrasound which per-
mits individual venous segments to be observed 
over time has documented that recanalization 
does occur in most patients after an episode of 
acute DVT. Van Ramshorst and associates found 
that most recanalizations occur within the  fi rst 
6 weeks, with  fl ow reestablished in 87 % of cases 
 [  13  ] . Killewich and colleagues reported a linear 
decrease in thrombus load, and by 24–36 weeks, 
only 26 % of the original thrombus remained 
 [  14  ] . However, recanalization may continue 
albeit at a slower rate for months to years after 

the acute event  [  15  ] . Rethrombosis has also been 
reported in the affected segments. The incidence 
of recurrent thrombosis is 5.2 % of those who 
were treated with standard anticoagulation for 
3 months compared with 47 % in those who were 
inadequately treated  [  16,   17  ] .  

   Complications 

   Pulmonary Embolism (PE) 

 This is the most devastating complication of acute 
DVT. With that said, the majority of these inci-
dents are clinically silent. Recent studies have 
shown that in patients with symptomatic acute 
DVT of the lower extremity, 50–80 % develop 
asymptomatic PE. It was also found that symp-
tomatic PE complicates up to 17 % of patients with 
proximal upper extremity acute DVT  [  18  ] . Patients 
with symptomatic PE have 18 times the mortality 
rate compared to patients with acute DVT alone 
 [  18  ] . Patients who survive the acute PE event are 
still at risk of development of chronic thromboem-
bolic pulmonary hypertension (CTEPH). Recent 
data have suggested that CTEPH occurs more 
often than previously suspected, with the disorder 
developing in 3.8 % of patients after surviving 
acute PE. The most common symptom in those 
patients is progressive exertional dyspnea with 
worsening right ventricular failure, edema, chest 
pain, light-headedness, and syncope developing as 
the disease progresses  [  19  ] .  

   Postthrombotic Syndrome (PTS) 

 This is a group of clinical manifestations in 
patients who have history of acute DVT due to 
ambulatory venous hypertension in their affected 
limbs. It is the most common late complication 
of acute DVT and is responsible for a greater 
degree of chronic socioeconomic and quality of 
life morbidity. The cause of ambulatory venous 
hypertension is a combination of venous re fl ux 
secondary to valvular incompetence and residual 
luminal obstruction  [  20 ,  21  ] . The manifestations 
of PTS range from painful, swollen, heavy leg, 
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and venous claudication to the most severe end 
of the spectrum of venous ulceration  [  22  ] . PTS is 
a relatively common and highly signi fi cant 
sequel of acute DVT. Eighty percent of symp-
tomatic acute DVTs are above the knee (proxi-
mal), with a cumulative incidence of PTS of 
50 % at 2 years post DVT  [  23  ] . Severe PTS is 
reported in 50 % of those cases and leg ulcer-
ation is present up to 10 % of patients. Recent 
research has shown that quality of life among 
patients with PTS is poorer than that among 
patients of similar age with other chronic condi-
tions such as arthritis, chronic lung disease, or 
diabetes. Severe PTS leads to such a poor quality 
of life that is comparable to experiencing angina, 
cancer, or congestive heart failure  [  24  ] .   

   Diagnosis 

 When approaching a patient with suspected DVT 
of the lower extremity, it is important to appreci-
ate that only a minority of the patients actually 
have the disease and will require anticoagulation. 
False positive clinical signs occur in up to 50 % 
of patients. It is also important to remember only 
40 % of patients with venous thrombosis have 
any clinical signs of the disorder. For those rea-
sons, it is important to use validated algorithms 
to evaluate patients with suspected DVT, along 
with objective testing to establish the diagnosis. 
Given the potential risks associated with proxi-
mal lower extremity DVT that is not treated (e.g., 
fatal pulmonary embolism) and the potential risk 
of anticoagulating a patient who does not have a 
DVT (e.g., fatal bleeding), accurate diagnosis is 
essential. 

 Symptoms of acute DVT classically include 
unilateral swelling, pain, and discoloration of the 
involved extremity. A complete thrombosis his-
tory including age of onset, location of prior 
thromboses, and results of objective studies doc-
umenting thrombotic episodes in the patient as 
well as any family members should be obtained. 
The presence of family history or previous throm-
bosis attacks strongly suggests the presence of a 
hereditary defect and/or increased probability of 
an acute DVT attack  [  25  ] . History of potential 

risk factors should be extensively obtained from 
these patients again to evaluate their probability 
of having a new acute DVT. 

 On clinical exam, typical manifestations 
include unilateral limb swelling and edema. 
Warmth, tenderness, and erythema can also be 
present. Tenderness over the major veins in the 
thigh can be present. The limb involved can be 
swollen, painful, and blanched, a condition that 
has been termed as phlegmasia alba dolens. 
Investigators originally believed that the blanch-
ing was due to spasm and compromise of arterial 
 fl ow, but recent evidence recognized that cutane-
ous edema is responsible. If the extent of throm-
bosis is extensive with impeding the venous 
return of the affected extremity, limb loss may 
occur due to cessation of arterial  fl ow. The clini-
cal picture is termed phlegmasia cerulea dolens, 
or painful blue leg. With the loss of sensory and 
motor function, venous gangrene is likely unless 
venous out fl ow of the limb is restored. 

 As mentioned, because the clinical picture is 
both of low sensitivity and speci fi city, 
con fi rmatory objective tests are needed to rule in 
or out the possibility of DVT. 

   Contrast Venography (CV) 

 This was historically the gold standard for diag-
nosis of acute DVT. It is performed by injecting a 
contrast material directly into the venous system 
through the dorsal foot veins while the super fi cial 
veins are occluded at the ankle by a tourniquet. A 
defect in the venous column is diagnostic. The 
test is invasive, inconvenient to the patient, and 
expensive and can be a cause of acute DVT by 
itself  [  26  ] . Venography is currently only used 
when noninvasive testing is not clinically feasible 
or the results are equivocal.  

   Duplex Examination 

 This has replaced the contrast venography as the 
diagnostic standard in the USA. The test is sim-
ple, noninvasive with little inconvenience to the 
patient, and associated with a high sensitivity and 
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speci fi city of 96 and 100 %, respectively, and a 
negative predictive value of 98–99 % which 
means that a negative test essentially excludes the 
diagnosis of acute DVT  [  27  ] . The test depends on 
using the Doppler to evaluate the  fl ow character-
istics in the vein as an indirect evidence of venous 
obstruction. It also combines that with B-mode 
(two-dimensional) ultrasound to evaluate areas 
with suspected thrombosis to evaluate compress-
ibility as a direct evidence of  fi lling defects inside 
the vein and also characterizing the venous 
thrombus. Chronic thrombi have greater echoge-
nicity, heterogeneity, and an irregular surface. 
The addition of color- fl ow Doppler scanning has 
also improved the sensitivity and speci fi city of 
ultrasound scanning when used as a screening 
test in asymptomatic patients even when used for 
distal veins.  

   MRV, CTV, and Isotope Scanning 

 Magnetic resonance venography (MRV) utilizes 
the ability of magnetic resonance to distinguish 
stationary from moving signals. MRV is less 
expensive than CV. On the other hand, it was 
found to have a sensitivity and speci fi city of 100 
and 96 %, respectively, and was found to be as 
accurate as CV in detecting acute DVT. It is con-
sidered complementary to duplex ultrasound 
when the results are equivocal especially detect-
ing DVT of the iliac veins above the inguinal 
ligament, an area that is dif fi cult to evaluate using 
duplex ultrasound  [  28  ] . 

 CT scan is increasingly used for the diagnosis 
of PE, and the addition of computed tomographic 
venography (CTV) makes it a single test to evalu-
ate for both PE and DVT. Although CTV may 
have clinical utility in patients with PE and thus 
higher pretest probability of DVT, its precise role 
is not yet de fi ned. The results of studies to date 
may be biased because of patient selection. 
Additionally, the cost to the patient may be as 
much as six times higher than that of duplex scan-
ning, and the CTV involves additional radiation 
exposure  [  29  ] . 

 Isotope scanning for acute DVT has been 
approved utilizing technetium 99m and apcitide 

that binds to glycoprotein IIb/IIIa receptor on 
activated platelets and is speci fi c for acute throm-
bosis. Although the role of this modality shows 
promise as a diagnostic evaluation of acute DVT, 
it still remains to be de fi ned in clinical practice.  

   D-Dimer 

 These are products of the degradation of cross-
linked  fi brin by plasmin. They can be detected by 
monoclonal antibodies that can differentiate the 
degradation products of  fi brin from  fi brinogen. 
The test is extremely sensitive with a sensitivity 
approaching 97 %. However, these measurements 
are nonspeci fi c with a speci fi city as low as 35 % 
 [  30  ] . The sensitivity for isolated calf vein throm-
bosis is 2–8 % lower than that for proximal-vein 
thrombosis  [  31  ] . The sensitivity of the test is also 
lower when the interval between thrombosis and 
testing exceeds 2–3 weeks and with the use of 
anticoagulants. D-dimer measurements have a 
little diagnostic utility in inpatients as it is less 
sensitive with a false-negative rate of up to 29 % 
and a very low speci fi city especially those who 
are morbidly obese, bedridden, older than 
60 years, and with malignant disease. 

 The clinical utility of D-dimer depends on its 
negative predictive value (NPV) in that particular 
clinical setting. According to Baye’s theorem, the 
NPV of a particular diagnostic test depends on 
the prevalence of the disease in the population 
tested. The prevalence of a disease in a certain 
population is expressed as pretest probability of 
the presence of that disease. In simple terms, in a 
population of low prevalence (pretest probabil-
ity) of acute DVT, a negative D-dimer test essen-
tially excludes acute DVT. However, if the pretest 
probability of acute DVT is high, the negative 
D-dimer test cannot exclude acute DVT. 

 Multiple scoring systems are available to 
determine the pretest probability of acute DVT in 
the outpatient settings. Factors used in those scor-
ing systems include the presence of risk factors 
of DVT, the presence of objective clinical signs 
as factors raising the pretest probability of acute 
DVT, and the presence of possible alternate diag-
noses which lower the pretest probability  [  32  ] .   
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   Diagnostic Strategy 

 Although duplex ultrasound is extremely accu-
rate in diagnosing acute DVT, its overuse in the 
evaluation of patients with suspected acute DVT 
imposes intense burden on the hospital resources 
speci fi cally the vascular lab. For that reason, 
diagnostic strategies have been developed in an 
attempt to be more ef fi cient in utilizing these 
resources and reduce cost. As mentioned above, 
the suspicion of acute DVT in hospitalized 
patients requires con fi rmatory testing, usually 
duplex ultrasound, due to the high pretest proba-
bility of the disease in that population. 

 The situation is different in the outpatient set-
ting where the prevalence of the disease and 
hence the pretest probability are much lower. In 
those patients, the  fi rst step is to stratify their 
pretest probability for the presence of acute DVT 
using one of the available risk strati fi cation 
scores, commonly the Wells score (Table  18.2 ). 
This is based on the presence of risk factors of 
acute DVT, objective clinical signs of acute 
DVT, and the possibility of alternative diagno-
sis. Patients are classi fi ed into low, intermediate, 
or high pretest probability of acute DVT. Patients 
with low and intermediate probability are 
exposed to D-dimer testing. In case it is nega-
tive, that essentially excludes the diagnosis of 
acute DVT in the low-probability and intermedi-
ate-probability patients, which require no further 
duplex ultrasound testing as in those patients the 
negative predictive value of the test approaches 
100 %. On the other hand, patients with high 
pretest probability for DVT will require duplex 
ultrasound, as the negative predictive value of 
D-dimer in those patients is around 85 %. In 
other words, the false-negative rate of 15 % is 
unacceptably high if we rely on a negative 
D-dimer test. In case of low- and intermediate-
pretest-probability patients, the presence of a 
positive D-dimer testing requires con fi rmation 
duplex ultrasound. The use of these strategies 
has been tested in multiple studies that showed 
the safety and ef fi cacy of adopting them. 
Schutgens and associates evaluated such a com-
bined diagnostic approach in 812 patients with 

the use of ultrasound reserved for patients with 
high pretest probability score and abnormal 
D-dimer result. The incidence of venous throm-
boembolism during the 3 months of follow-up 
was only 0.6 % with a low or moderate pretest 
probability and normal D-dimer result (NPV 
99 %)  [  35  ] . Because 23–50 % of outpatients can 
be strati fi ed into the low-pretest-probability 
group, this approach signi fi cantly reduces 
resource utilization. The total number of ultra-
sound examinations required for outpatient 
referrals with suspicion of acute DVT was 
reduced by 29 %  [  35  ] .   

   Table 18.2    Pretest probability of deep vein thrombosis 
(Wells score)   

 Clinical feature  Score 

 Active cancer (treatment ongoing or 
within the previous 6 months or palliative) 

 1 

 Paralysis, paresis, or recent plaster 
immobilization of the lower extremities 

 1 

 Recently bedridden for more than 3 days 
or major surgery, within 4 weeks 

 1 

 Localized tenderness along the distribu-
tion of the deep venous system 

 1 

 Entire leg swollen  1 
 Calf swelling by more than 3 cm when 
compared to the asymptomatic leg 
(measured below tibial tuberosity) 

 1 

 Pitting edema (greater in the sympto-
matic leg) 

 1 

 Collateral super fi cial veins (nonvaricose)  1 
 Alternative diagnosis as likely or more 
likely than that of deep venous thrombosis 

 −2 

  Score  
 High probability  3 or greater 
 Moderate probability  1 or 2 
 Low probability  0 or less 
  Modi fi cation  
 This clinical model has been modi fi ed to 
take one other clinical feature into 
account: a previously documented deep 
vein thrombosis (DVT) is given the score 
of 1. Using this modi fi ed scoring system, 
DVT is either likely or unlikely, as 
follows: 
  DVT likely  2 or greater 
  DVT unlikely  1 or less 

  Adapted from Wells et al.  [  33,   34  ]   
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   Treatment 

 The therapeutic goals of treatment of acute DVT 
of the lower extremity include prevention of clot 
extension and possible resultant PE and the relief 
of lower extremity pain and swelling as a conse-
quence of venous obstruction. The long-term 
goals include prevention of recurrent thrombosis 
and the preservation of venous valvular function 
and patency to prevent the development of PTS 
(Table  18.3 )  [  36  ] .  

 The contemporary management of acute lower 
extremity DVT includes three alternatives:

   Standard anticoagulation therapy alone  • 
  The use of thrombolytic therapy in conjunc-• 
tion with anticoagulation  
  Endovenous thrombectomy using devices • 
designed to mechanically remove the throm-
bus combined with thrombolytic therapy (the 
term pharmacomechanical thrombectomy) in 
addition to anticoagulation    
 Standard anticoagulation therapy represents 

the backbone of any treatment regimen. 
Anticoagulation achieves mainly the  fi rst two 
objectives of therapy including prevention of clot 
extension and prevention of PE  [  37  ] . To a lesser 
extent, anticoagulation helps in alleviating the 
symptoms of DVT including extremity pain and 
swelling. It is also important in prevention of 
recurrence of DVT and PE  [  37  ] . However, anti-
coagulation alone has no direct thrombolytic 
effect and is ineffective in restoring venous pat-
ency, especially in patients with extensive proxi-
mal DVT. Spontaneous thrombus regression 
occurs in <50 %, and complete clot resolution 
occurs in <5 % of cases treated with anticoagula-
tion therapy alone  [  38 ,  39  ] . 

 Thrombus removal using thrombolytic therapy 
with or without thrombectomy offers the poten-
tial to rapidly clear the thrombus from the 
obstructed venous segments with resultant rapid 
symptomatic relief of the patient as well as pre-
serving the valvular function reducing the chances 
of subsequent obstruction and re fl ux and hence 
PTS. There is mounting evidence to suggest that 
thrombus removal or early thrombus resolution 
after acute DVT is associated with improved out-
comes  [  40  ] . Experimental observations of acute 
DVT in the canine models also demonstrated that 
thrombolytic therapy resulted in less thrombus 
and more preservation of valve competence 
immediately and at 4 weeks after therapy com-
pared with placebo  [  41,   42  ] . 

 Improved clinical outcomes were observed 
as reviewed by Comerota and Aldridge of 13 
studies comparing thrombolytic therapy versus 
anticoagulation alone. In this review, complete 
or signi fi cant lysis was observed in only 4 % of 
patients in the anticoagulation arm compared to 
45 % of patients with thrombolysis therapy. 
Successful lysis in long-term follow-up was 
associated with less incidence of PTS and 
improved venous function  [  38  ] . A Cochrane 
review compared thrombolysis with standard 
anticoagulation across 12 randomized controlled 
trials comprising 700 patients. The majority of 
these studies included only patients treated with 
systemic thrombolysis. Clot lysis was seen more 
frequently in early and late follow-up. The 
 incidence of PTS was reduced signi fi cantly 
( relative risk, 0.66; 95 % CI, 0.47–0.94)  [  43  ] . A 
50 % reduction in the formation of lower limb 
ulcers was demonstrated. In addition, multiple 
institutional case series and RCTs reported 
the use of catheter directed thrombolysis (CDT) 
and mechanical thrombectomy (Table  18.4 ). 
Although    there is considerable variation in the 
design and combination of therapies used, all 
convey the message that venous patency can 
often be restored in the short and long term 
with catheter-delivered therapy. In addition, 
signi fi cant improvement in quality of life has 
also been demonstrated  [  1  ] . Unfortunately, 
larger randomized studies are required to 

   Table 18.3    Goals of therapy on acute DVT   

 Goals 

 1. Prevent extension of DVT 
 2. Prevent pulmonary embolism 
 3. Relieve pain and swelling in extremity 
 4. Prevent postthrombotic syndrome 
 5. Prevent recurrent thrombosis 
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 establish de fi nitive recommendations for care. 
Currently, two large trials are underway that 
will randomize patients with acute DVT to cath-
eter-directed venous thrombolysis versus anti-
coagulation alone  [  44,   45  ] .  

   Standard Therapy 

 The standard therapy for acute DVT of the lower 
extremities has not changed for the past decades. 
It includes anticoagulation, which constitutes the 
backbone of therapy in addition to compression 
therapy. The bene fi t of anticoagulation in the 
treatment of acute DVT was  fi rst demonstrated in 
1960  [  46  ]  and con fi rmed by randomized clinical 
trials  [  47,   48  ] . 

 Historically, the standard therapy included 
starting the patient on unfractionated heparin in 
the hospital usually using intravenous infusion 
with the goal of therapy is an activated partial 
thromboplastin time ratio (aPTT) that is 1.5–2.5 
of the normal. Heparin is usually given simulta-
neously with warfarin and is overlapped with 
warfarin for a minimum of 4–5 days until the 
international normalized ratio (INR) has been 
within the therapeutic range (2.0–3.0) for two 
consecutive days  [  49  ] . This overlap is required 
because, during the  fi rst few days of warfarin 
therapy, prolongation of the INR mainly re fl ects 
depression of factor VII, which has a half-life of 
only 5–7 h. Thus, although the extrinsic coagula-
tion pathway is suppressed, the intrinsic coagula-
tion pathway that does not require factor VII 
remains intact during this early period. Warfarin 
is continued then for a total duration of 3–6 months 
to prevent recurrent thrombosis  [  17  ] . 

 With that said, there have been several points 
of controversy regarding that regimen:

   What anticoagulants to use with the introduc-• 
tion of low molecular weight (LMW) heparin  
  What the duration of therapy is using • 
warfarin  
  Activity after diagnosis of acute DVT    • 
 The introduction of LMW heparin in the 

1980s revolutionized the early treatment of 
venous thromboembolism by simplifying dosing 

and administration  [  47  ] . LMW heparin was found 
to have several advantages over unfractionated 
heparin  [  50  ] :

   Greater bioavailability when given by subcu-• 
taneous injection.  
  Duration of anticoagulant effect is greater, • 
permitting once or twice daily administration.  
  Anticoagulant response is highly correlated • 
with body weight permitting administration of 
a  fi xed dose.  
  Laboratory monitoring is not necessary.  • 
  Lower risk of heparin-induced thrombo-• 
cytopenia.    
 Subcutaneous, unmonitored LMW heparin 

was compared with continuous intravenous hepa-
rin for the treatment of proximal venous throm-
bosis in a number of clinical trials. LMW heparin, 
given once or twice daily, is at least as effective 
and as safe as and may be superior to unfraction-
ated heparin in patients with proximal venous 
thrombosis. LMW heparin was found to have 
greater inhibition of in vivo thrombin generation 
 [  51  ] , higher rates of thrombus regression, and 
lower rates of recurrent venous thromboembo-
lism, major bleeding, and mortality  [  52–  55  ] . 
LMW heparin is also more feasible for use in an 
outpatient setting without loss of ef fi cacy thus 
avoiding hospitalization associated with the use 
of unfractionated heparin  [  56 ,  57  ] . For these 
bene fi ts of LMW heparin over unfractionated 
heparin, it is recommended that clinicians use 
LMW heparin over unfractionated heparin for the 
initiation of therapy of acute deep venous throm-
bosis  [  58  ] . 

 As mentioned before, after the initial treat-
ment using both heparin and warfarin, the dura-
tion of therapy continues for 3–6 months. The 
aim of prolonged therapy is to reduce the risk of 
recurrent thrombosis. Warfarin was found to be 
extremely effective in this situation reducing the 
risk of recurrent thrombosis from 47 to 2 %  [  17 , 
 59  ] . Attempts to decrease the duration of treat-
ment with warfarin to 4 weeks or 6 weeks have 
resulted in higher rates of recurrent venous throm-
boembolism (VTE) in comparison with the stan-
dard 3–6 months regimen  [  60 ,  61  ] . For patients 
with VTE and a reversible or time-limited risk 
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factor (e.g., trauma, surgery), treatment should 
continue for a minimum of 3 months. Treatment 
for longer than 6 months is not necessary, since 
the risk of recurrence in such patients is <3 % 
 [  58 ,  62  ] . For those patients with a continuing risk 
factor that is potentially reversible (e.g., pro-
longed immobilization), long-term warfarin ther-
apy should be continued until the risk factor is 
reversed. In patients with unprovoked (idiopathic) 
proximal VTE and patients with recurrent VTE 
after completion of therapy, the 2008 American 
College of Chest Physicians (ACCP) guidelines 
have given a strong recommendation for inde fi nite 
treatment  [  48  ] .  

   Interventional Therapy 

 The interventional therapy for acute DVT 
includes thrombolysis with or without mechani-
cal thrombectomy, which is always in addition to 
the standard anticoagulation therapy. It is grati-
fying that the 8th ACCP Consensus Committee 
on Antithrombotic Therapy for Venous Thrombo-
embolic Disease has made de fi nitive recommen-
dations regarding treatment strategies for 
thrombus removal in patients with DVT  [  48  ] . In 
the recommendations, patients with acute 
iliofemoral DVT who are appropriate risk candi-
dates should preferentially be treated with cathe-
ter-directed thrombolysis (CDT) (grade 2B). The 
committee also recognized the importance of 
correcting underlying venous lesions after suc-
cessful CDT and that pharmacomechanical tech-
niques might be preferable to CDT alone to 
shorten treatment time if resources are available. 
They also recommended operative venous throm-
bectomy if catheter-based interventions are not 
available in such setting. If neither catheter-
based techniques nor venous thrombectomy is 
available to patients with extensive venous 
thrombosis, systemic thrombolytic therapy is 
recommended (grade 2C) for good-risk patients 
at low risk of bleeding. It is to be remembered 
that all interventional therapy modalities are 
more effective dealing with acute DVT of less 
than 2 weeks duration and that the older the clot 

gets, the less effective those modalities are in 
clearing the thrombus  [  63  ] .  

   Thrombolytic Therapy 

 There is currently no consensus regarding to the 
ideal thrombolytic agent to be used. The basic 
mechanism of thrombolytic therapy is the activa-
tion of  fi brin-bound plasminogen to form the 
active enzyme plasmin, which dissolves the clot 
 [  64  ] . Streptokinase was the  fi rst agent to be used 
as a thrombolytic therapy. Later, urokinase and 
plasminogen activators became available. There 
are claims of varying degrees of ef fi cacy and 
potential for complications  [  64 ,  65  ] . However, a 
retrospective review has been performed to com-
pare the various thrombolytic agents used in the 
treatment of DVT. Grunwald and Hofmann 
reported that urokinase and the plasminogen acti-
vators were essentially equal in terms of ef fi cacy 
and complication rates  [  66  ] . Catheter-directed 
thrombolysis (CDT) delivers the thrombolytic 
agent locally into the thrombus using infusion 
catheter placed within the thrombus. It has 
emerged as the superior method of thrombolysis. 
CDT addresses many of the limitations imposed 
by systemic thrombolysis such as unpredictabil-
ity of thrombo-ablative effect and high risk for 
hemorrhagic complications  [  67  ] . Intra-thrombus 
delivery protects thrombolytic agents from neu-
tralization by circulating antiplasmin such as 
plasminogen activator inhibitor (PAI-1) and 
allows dissolution of the thrombus in smaller dis-
tal vessels that are otherwise not accessible to 
systemic thrombolysis  [  68  ] . This technique also 
has the potential to accelerate thrombolysis and 
reduce the overall dose needed and the duration 
of thrombolytic infusion, thus increasing the like-
lihood of successful outcome and a reduction in 
bleeding complications     [  36  ] . 

 In this technique, access of the deep venous 
system is acquired through the posterior tibial 
vein in the distal leg or the popliteal vein in the 
popliteal fossa aided by the use of duplex ultra-
sound guidance. After placement of a short 
sheath, a standard 0.035-in. wire is passed 
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proximally into the affected proximal iliofemoral 
segment. An infusion catheter is then passed 
over the wire and left in place for the infusion 
of the thrombolytic agent (Fig.  18.1 ). Nowadays, 
recombinant tissue plasminogen activator 
(r-tPA) is the usual thrombolytic agent used for 
CDT. The usual dose is 1–2 mg/h for overnight 
thrombolysis. The patient is taken back to the 
angiography suite where a repeat venogram is 
performed. If there is still signi fi cant residual 
thrombus present, another round of infusion 
thrombolysis is performed overnight. The 
National Venous Registry is the largest report 
to date of patients treated with lytic therapy for 
acute DVT using CDT  [  69  ] . In the group of 
patients with acute  fi rst-time iliofemoral DVT, 
65 % had complete clot resolution. Patients, 
who had more complete clot resolution with 
CDT, had more preservation of their valvular 
function and better QoL scores. Also, patients 
in whom CDT failed to clear the thrombus had 
outcomes similar to those treated with antico-
agulation alone  [  69  ] .   

   Percutaneous Mechanical 
Thrombectomy 

 Percutaneous mechanical thrombectomy has 
emerged as an important tool in the armamentar-
ium for the management of acute DVT, particu-
larly in patients when pharmacologic thrombolysis 
is contraindicated. Multiple devices have been 
developed for percutaneous thrombectomy with 
or without adjunctive thrombolysis  [  70–  73  ] .  

   Pharmacomechanical Thrombolysis 

 Combining percutaneous mechanical thrombec-
tomy with CDT, also known as pharmacome-
chanical thrombectomy (PMT), has the potential 
to achieve more complete clot removal as well as 
decrease the dose and duration of thrombolytic 
therapy than either therapy alone  [  36  ] . It has been 
studied recently with comparable or better suc-
cess rates compared with CDT but with the added 
bene fi t of a shorter hospital and intensive care 

a b

  Fig. 18.1    Acute left iliofemoral DVT in a patient with May-Thurner syndrome (patient is in the prone position). ( a ) 
The acute iliac vein thrombosis. ( b ) Acute femoral vein thrombosis       
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stay and decreased costs  [  45 ,  72 ,  74  ] . Multiple 
devices have been on the market and are used in 
conjunction with CDT. The most commonly used 
devices available currently are: 

   AngioJet® Rheolytic Thrombectomy 
System (Possis Medical, Minneapolis, MN) 
(Fig.  18.2 )    

 This is an approved device by the US Food 
and Drug Administration for the treatment of 
DVT. This device is composed of a catheter that 
uses high-pressure jets that push saline back from 
the tip at 10,000 PSI. This action in combination 
with strategically placed juxtaposed side holes 
relies on Bernoulli’s effect to create a low-pressure 
zone during the mechanical disruption of the 
thrombus. The catheter infuses normal saline 
through an infusion port while simultaneously 
suctioning through the ef fl uent port. Microscopic 
particles of thrombus debris as well as other blood 
products are removed. If the ef fl uent port is 
clamped, then the infusion port can act as mechan-
ical “pulse spray,” whereby the clot can be laced 
with a thrombolytic drug that is preloaded in the 
system. After lacing the thrombus with intermit-
tent initiation of the pulse spray containing 
thrombolytic drug, a 15–20-min pause is used to 
allow the thrombolytic action to take effect. The 
ef fl uent port is then unclamped, and only normal 
saline is used to perform standard AngioJet ®  
thrombectomy. There are multiple 6-F catheters 
that come with the system with different lengths 
and for use in different diameter vessels  [  75  ] .  

   Trellis-8® (Bacchus Vascular, Santa Clara, 
CA) (Isolated Segmental 
Pharmacomechanical Thrombolysis) 
(Fig.  18.3 )    

 The device is approved by the US Food and 
Drug Administration for the speci fi c treatment 
of DVT. This is a hybrid catheter that isolates the 
thrombosed vein segment between two occlud-
ing balloons. The thrombolytic agent is infused 
into the thrombus between the occluding bal-
loons. A dispersion wire is inserted into the 
catheter shaft assuming a spiral con fi guration, 
that, when activated, spins at 1,500 rpm. After 
15–20 min of dwell time, the lique fi ed and 

particulate thrombus is then aspirated. The prox-
imal occluding balloon is designed to prevent 
PE. Isolation of the thrombolytic agent to the 
thrombosed segment has the theoretical advan-
tage of reducing the systemic effect of throm-
bolysis and hence the risk of bleeding. The 
catheter requires an 8-F sheath and traverses 
over a 0.035-in. guidewire. Catheter lengths are 
80 and 120 cm, and treatment zones between 
balloons can be 10, 15, or 30 cm  [  36  ] .  

   EKOS EndoWave® (EKOS Corporation, 
Bothell, WA) (Ultrasound-Accelerated 
Thrombolysis) (Fig.  18.4 )    

 This device relies on the use of low-energy, 
high-frequency ultrasound (2 MHz) to alter the 

a

  Fig. 18.2    AngioJet® Rheolytic Thrombectomy System 
( a ,  b , and  c )           
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b

Fig. 18.2 (continued)
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thrombus structure and allow the thrombolytic 
drug to be more effective. The EKOS EndoWave ®  
catheter does not mechanically fragment the 
thrombus; rather, it reversibly increases its per-
meability. Multiple lengths to apply simultaneous 
ultrasound energy and infusion are available and 
vary from 6 to 50 cm. The 5.2-F catheter has 
4 lm. The central lumen takes the 0.035-in. ultra-
sound wire and also uses that same lumen with an 
expanded area to carry the central coolant using 
normal saline. Three other lumens placed on the 
outer core of the catheter in a triangular 

con fi guration carry the drug for delivery to the 
thrombus. In each of these 3 lm reside thermo-
couples to monitor changes in temperature- fl ow 
patterns. The EKOS EndoWave ®  primarily affects 
 fi brin strands. Braaten et al. demonstrated a 44 % 
reduction in diameter of  fi brin strands. This effect 
translated into 65 % more individual strands 
being exposed. Furthermore, the ultrasound did 
not cause any  fi brin strand breakage. These struc-
tural changes potentially increase the number of 
plasminogen receptor sites  [  75–  77  ] .   

a

b

  Fig. 18.4    The EKOS ultrasound-accelerated thromboly-
sis system. ( a ) The EkoSonic Control Unit. ( b ) The EKOS 
infusion catheter and ultrasound wire       

c

Fig. 18.2 (continued)

  Fig. 18.3    Trellis peripheral infusion system       
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   Aspiration Thrombectomy 

 This is a technique where there is a dynamic 
withdrawal of the aspiration wide-bore catheter 
or sheath while maintaining negative pressure 
using a syringe, i.e., an aspiration catheter is 
introduced into the thrombus- fi lled vein through 
a second sheath and is withdrawn or pulled back 
through the thrombus- fi lled vein while negative 
pressure is applied and maintained using a 
syringe. Using this technique, a large thrombus 
can be remodeled because of the more powerful 
negative pressure, allowing for a more effective 
aspiration thrombectomy or can be an adjunct to 
using the other pharmacomechanical thrombec-
tomy methods. Although being a simple tech-
nique, nothing much is reported in the literature 
about its use. Recently, Oguzkurt et al.  [  78  ]  and 
Kwon et al.  [  73  ]  have reported using this tech-
nique with excellent results. 

 Theoretically, during the interventional ther-
apy for acute DVT, patients are exposed to the 
risk of possible PE. The need for IVC  fi lters dur-
ing endovascular management of an extensive 
DVT has been debated. Pulmonary embolization 

consisting of small fragments is common during 
CDT and PMT. However, the vast majority of 
these events are asymptomatic and of little clini-
cal consequence to the patient  [  79  ] . However, in 
the presence of a free- fl oating IVC thrombus or 
in patients with limited cardiopulmonary reserve 
who are unlikely to tolerate minor embolic events, 
IVC  fi ltration may be appropriate with the use of 
permanent or temporary  fi lters  [  73  ] . 

 After completion of the CDT or PMT, comple-
tion venogram should be performed for the evalu-
ation of any culprit lesions that may have been 
the cause of the acute DVT. A typical example of 
that is the May-Thurner syndrome where there is 
proximal stenosis of the left common iliac vein 
due to compression by the right common iliac 
artery. The treatment of such lesions is instru-
mental in successful therapy of the acute DVT 
and in the prevention of recurrent venous throm-
boembolism (VTE)  [  75  ]  (Figs.  18.5  and  18.6 ).   

 Several technical points are important to 
remember that make endovenous interventions 
signi fi cantly different from intra-arterial inter-
ventions. Recognition of these differences is 
important to achieve the desired successful results 

IVC
Aorta

Left common
iliac v.Compression site

Right common
iliac a.

  Fig. 18.5    Anatomic basis of 
May-Thurner syndrome. The right 
common iliac artery compresses the 
proximal left common iliac vein       
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a b

c d

  Fig. 18.6    Clinical case of May-Thurner syndrome with 
pharmacomechanical thrombectomy for acute iliofemoral 
DVT. This is the same case in Fig.  18.1  during therapy. 
The patient is in the prone position that is why the images 
appear  fl ipped. ( a ) Iliac vein post overnight thrombolysis 
using the EKOS system. There is still residual obstruction 
at the proximal left common iliac vein. ( b ) The femoral 
vein is completely cleaned by using only overnight 

thrombolysis using the EKOS system. ( c ) The Trellis sys-
tem in place for pharmacomechanical thrombolysis of the 
iliac vein system. Note the stenosis of the proximal left 
common iliac vein as evidenced by the indentation of the 
proximal device balloon. ( d ) The left iliac vein system is 
completely patent with unrestricted  fl ow after stenting of 
the left common iliac vein using Wallstent ®  (Boston 
Scienti fi c)       
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and the reduction of possible complications. 
Because the axial and central veins are larger and 
lower in pressure compared to their arterial coun-
terparts, larger sheaths (8–12 F) are more easily 
tolerated without any untoward effects. The need 
for these larger sheaths during those interven-
tions is due to the larger sizes of the devices used 
and the large size of stents that can be used for 
treatment of stenotic lesions that are generally 
larger than stents used in the arterial system. 
Sizing these devices is always misleading in the 
venous system, and adequate objective measure-
ment of diameter and length is mandatory for 
successful treatment and avoidance of complica-
tions like stent embolization which is much more 
common in the venous system and carries much 
higher risk as they usually travel all the way to 
the heart making their retrieval a complicated and 
an extremely high-risk procedure which usually 
required open major surgical operations. 
Measurement by visually estimating or “eyeball-
ing” should be absolutely discouraged. Because 
of the venous wall being more fragile and thinner 
than that of the arteries, caution must be taken 
when performing power injection of contrast. 
Typically the pressure settings on the power 
injector should range between 200 and 400 psi. 
Also, end-hole catheters should never be used for 
power injection as these can cause perforation of 
large veins during contrast injection. Along the 
same lines, caution should be exercised using 
guidewires as it is much easier to perforate the 
vein during wire manipulations than in the arte-
rial tree. Also, retrograde access in the venous 
system is possible as the valves do not interfere 
with the wire passage. On the other hand, ante-
grade passage of the wire will be hindered by the 
valves, although during cases of acute DVT, the 
valves are wide open secondary to the bulk of the 
thrombus occupying the venous lumen.   

   Summary 

 Acute DVT is a common disease with potentially 
life-threatening consequences and long-term life-
altering complications. It imposes huge economic 
burden on the society. The disease is dif fi cult to 

diagnose because of the lack of sensitivity and 
speci fi city of its clinical manifestations. 
Diagnostic algorithms are needed for safe and 
effective diagnosis. The treatment is standard 
anticoagulation therapy which reduces 
signi fi cantly the mortality risk and recurrence of 
the disease but does a much poorer job when it 
comes to the long-term morbidity of the disease. 
Active management of acute DVT, especially 
proximal iliofemoral DVT, using catheter-di-
rected thrombolysis with or without mechanical 
thrombectomy modalities is gaining momentum 
and may prove to be the standard therapy of the 
future as it adds to the standard therapy the 
signi fi cant reduction of the long-term morbidity 
speci fi cally postthrombotic syndrome.      
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   Introduction 

 Hospitalized patients are at risk for developing 
deep vein thrombosis (DVT), and without appro-
priate thromboprophylaxis, the incidence of DVT 

can vary between 10 and 60 %  [  1  ] . 
Thromboprophylaxis involves the use of low-
dose unfractionated heparin (LDUH), low- 
molecular-weight heparin (LMWH), sequential 
compression devices (SCD), and early ambula-
tion. Venous thromboembolism (VTE) or pulmo-
nary embolus (PE) can be unpredictable, have a 
sudden onset, and carry a signi fi cant morbidity 
and mortality. It is a feared complication. 

 The American College of Chest Physicians 
(ACCP) current guidelines recommend the place-
ment of an inferior vena cava  fi lter (IVCF) in 
patients with documented VTE or PE and a 
contraindication to anticoagulation, complications 
of bleeding as a result of anticoagulation, failure of 
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anticoagulation, or VTE despite therapeutic 
anticoagulation  [  2  ] . In addition to these guidelines, 
the Eastern Association for the Surgery of Trauma 
(EAST) recommends that the prophylactic use of 
IVC  fi lters be considered in patients who are at 
increased risk of bleeding complications and thus 
with a contraindication to anticoagulation and 
patients with injury patterns that will result in a 
prolonged period of immobility such as those with 
closed head injury, spinal cord injury with paraple-
gia, complex pelvic fractures, and multiple long 
bone fractures  [  3  ] . Prophylactic indications for 
IVCF placement have been further expanded to 
include selected high-risk patients with risk factors 
for VTE such as patients undergoing bariatric 
surgery, orthopedic procedures, or with a previous 
history of DVT or PE, and during catheter-directed 
treatment of DVT. 

 In a study Decousus and associates  [  4  ]  ran-
domized 400 patients with proximal deep vein 
thrombosis who were at risk for PE. Two hundred 
patients had an IVCF placed, while the remainder 
200 patients did not. A PE occurred during the 
 fi rst 12 days after randomization in 4.8 % of 
patients who did not receive an IVCF compared 
to 1.1 % of patients who had an IVCF implanted. 
They demonstrated that implanted  fi lters 
signi fi cantly reduced the occurrence of both symp-
tomatic and asymptomatic PE. Follow-up at 2 and 
8 years showed that the rate for recurrent DVT was 
20.8 and 35.7 % in patients with the permanent 
 fi lter compared to 11.6 and 27.5 % in patients 
without  fi lter, respectively. This suggests that an 
IVCF has mostly a short-term bene fi t with compli-
cations occurring late. Therefore,  fi lters that can be 
retrieved and are not permanent may have an 
advantage in the prevention of PE without the 
increased risk of DVT in the long term. In addi-
tion, the contraindication to anticoagulation or 
increased risk for VTE can be temporary, and a 
retrievable IVCF (rIVCF) can serve as an effective 
prevention against PE during that speci fi c period. 
These  fi ndings have encouraged the development 
and use of retrievable over permanent  fi lters. 

 The use of retrievable  fi lters can be considered 
when there is a de fi nable endpoint for retrieval, 
or if the need for retrieval is uncertain and a 
permanent need is possible  [  5  ] . In general,  fi lters 

should not be placed in patients who do not have 
a direct access route to the IVC, have a chroni-
cally thrombosed IVC, are bacteremic, have sep-
tic emboli, or have IVC diameters that exceed the 
 fi lter’s manufactured speci fi cations  [  6  ] . Pregnant 
women should understand the risks involved if 
and when  fl uoroscopy is used during  fi lter place-
ment. Filter retrieval is not suggested when there 
is a trapped thrombus burden greater than 25 % 
of the  fi lter’s volume, there is  fi lter incorporation 
into the wall of the vena cava  [  7  ]  or strut penetra-
tion of the vena cava wall  [  8  ] , or if the patient 
remains at risk for ongoing VTE.  

   Retrievable Filters 

 Important properties of an ideal retrievable  fi lter 
include (1) a low pro fi le for percutaneous place-
ment and ease of deployment, (2) precise place-
ment and  fi xation without migration, (3) proper 
self-centering alignment without tilt in the IVC, 
(4) the ability to trap clot effectively and prevent 
PE, (5) ease of retrieval over a wide window of 
time, (6) low associated fracture and complica-
tion rate, (7) MRI compatibility, and (8) low 
cost. 

 The most common retrievable  fi lters used in 
the USA have undergone improvements and 
changes in the past decade (Table  19.1 ). The 
OptEase  fi lter (Cordis Endovascular, Warren, NJ) 
has a symmetrical nitinol double basket design 
that offers a dual layer  fi ltration and is MRI con-

   Table 19.1    Common retrievable  fi lters used in the 
United States   

 Filter 
type 

 Material  IVC 
diameter 
(MM) 

 MRI 
conditional a  

 Retrieval 
window 
(days) 

 OptEase  Nitinol   £ 30  Yes  23 

 Celect  Conichrome   £ 30  Yes  365 b  

 Eclipse  Nitinol   £ 28  Yes  300 

 Option  Nitinol   £ 30  Yes  175 

 ALN  Stainless 
steel 

  £ 28  Yes  No 
limit 

   a Conditions speci fi c for each device as detailed in the 
instructions for use (IFU) 
  b Predicted  
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ditional. It is designed to accommodate IVC 
diameters  £  30 mm and its anchors allow it to 
resist migration. It can be delivered from a femo-
ral or jugular/subclavian vein approach. It has a 
caudal hook for retrieval using a snare through a 
femoral vein approach. It is recommended for 
retrieval up to 23 days post implantation. The 
Celect  fi lter (Cook, Bloomington, IN) is a con-
ichrome single cone design that is MRI condi-
tional. It can be delivered from a femoral or 
jugular/subclavian vein approach. It is designed 
to accommodate IVC diameters  £  30 mm and has 
a strut design that self-centers the  fi lter within the 
IVC. The  fi lter’s anchors allow it to resist migra-
tion. It has a cephalad hook for retrieval using a 
snare through an internal jugular (IJ) vein 
approach. It has a predicted 89 % probability of 
retrieval at 365 days. The Eclipse  fi lter (Bard 
Peripheral Vascular, Tempe, AZ) has an elec-
tropolished nitinol cone design that provides two 
levels of  fi ltration and is MRI conditional. It can 
be delivered from a femoral or jugular/subclavian 
vein approach. Its nitinol design allows it to elas-
tically deform while its anchors allow the  fi lter to 
resist migration. It is designed to accommodate 
IVC diameters  £  28 mm with a caval-centering 
design. At its cephalad apex, it has a central 
nitinol sleeve with a hook for retrieval using a 
snare or a Recovery Cone (Bard Peripheral 
Vascular, Tempe, AZ) via an IJ approach. It is 
recommended for retrieval out to 300 days after 
implantation. The Option  fi lter (Manufactured by 
Rex Medical, Conshohocken, PA and distributed 
by Angiotech, Gainesville, FL) has nitinol struts 
arising from a central apical location and is MRI 
conditional. It can be delivered from a femoral or 
jugular approach using a separate delivery sys-
tem for each. Small and larger retention anchor 
hooks allow the  fi lter to resist migration. It is 
designed to accommodate IVC diameters up to 
30 mm. A retrieval hook is centrally located at 
its cranial apex for  fi lter retrieval with a snare 
via an IJ approach. The ALN  fi lter (Aln 
International, Inc., Chicago, IL) is a stainless 
steel conical-shaped  fi lter that is MRI condi-
tional. It can be delivered from a femoral, IJ, or 
upper extremity approach using the designated 
kit delivery system. This  fi lter has three center-

ing legs and six retention hooks that allow the 
 fi lter to resist migration. Retrieval is recom-
mended with the speci fi cally designed Pincer 
removal kit (Aln International, Inc., Chicago, IL) 
from a jugular vein approach.   

   Expanded Use of rIVCF 

   Trauma 

 Trauma patients with multiple bone injuries, 
those with spinal cord or closed head injury, 
intracranial or cerebral hemorrhage, or intra- 
abdominal solid organ injury pose a problem for 
the common measures of thromboprophylaxis 
especially when anticoagulation cannot be used 
or SCDs cannot be applied. It has been reported 
that among trauma patients, the incidence of PE 
and DVT can be as high as 20.3 and 65 %, respec-
tively  [  9  ] . In addition, approximately 65 of trauma 
patients develop a PE within the  fi rst 24 h of 
admission  [  10  ] . Hoff and colleagues  [  11  ]  placed 
an IVCF in selected high-risk patients after blunt 
trauma. Seventy-four percent of patients had at 
least one orthopedic injury, approximately half 
had a pelvic fracture, an equal number was lim-
ited to bed rest or spinal precaution, 91 % had a 
contraindication to pharmacologic prophylaxis, 
and 31 % had injuries that precluded the use of 
SCDs. Half the patients had the  fi lter retrieved 
without complications. In a study of severely 
injured military trauma patients, rIVCFs were 
placed for PE prophylaxis in 32 % patients and 
for therapeutic VTE prevention in 68 % of 
patients. Retrieval was not attempted in 63 % of 
patients for a persistent indication for IVCF. 
Failure to retrieve the  fi lter occurred only in 2.8 % 
of patients while 15 % were lost to follow-up. 
The authors concluded that rIVCFs can be safely 
used with minimal low-term morbidity; however, 
they acknowledged that better follow-up can 
improve retrieval rate  [  12  ] . Smoot and associates 
 [  13  ]  also reviewed the use of rIVCF in 140 trauma 
patients over a 4-year period. Filters were suc-
cessfully removed in 61 % of patients with a 
technical success rate of 97 %. However, as 
described before, a signi fi cant number of trauma 
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patients were also lost to follow-up. In addition, 
this study pointed out that IVCFs are not infalli-
ble with a PE observed in 3 % of patients. In gen-
eral, these studies show that the use of rIVCF in 
high-risk trauma patients offers a versatile option 
for the prevention of VTE and PE.  

   Orthopedic Surgery 

 Austin and associates  [  14  ]  recommend the use of 
IVCF in orthopedic patients with con fi rmed PE, 
proximal DVT in the perioperative period, or a 
medical contraindication to anticoagulation. 
Their recommendations were based on their study 
of 95 joint arthroplasty patients who received an 
IVCF that was effective in preventing a fatal PE. 
In a survey by the American Association of Hip 
and Knee Surgeons (AAHKS), 25 % of surgeons 
used IVCF in the management of high-risk 
patients undergoing total hip and knee arthro-
plasty  [  15  ] . These patients have a recognized 
high risk for the development of VTE, and IVCF 
has been shown to be ef fi cacious in the preven-
tion of PE  [  16 ,  17  ] . Of interest, patients with 
orthopedic injuries and pelvic fractures are very 
likely to have their  fi lters retrieved  [  11  ] .  

   Bariatric Surgery 

 There are several, well-established patient factors 
that signi fi cantly increase the risk of DVT and 
VTE after bariatric surgery. These patient factors 
include advanced age, previous history of VTE, 
immobilization, BMI  ³  55 kg/m 2 , venous stasis 
disease, hypercoagulable states, estrogen medica-
tion, and the dysregulation of proteins involved in 
the coagulation and  fi brinolytic pathways  [  18 ,  19  ] . 
Overall, the incidence of VTE after bariatric 
 surgery varies from 1 to 3 %  [  18  ] . Although a 
fatal PE after bariatric surgery is rare, it is the 
leading cause of 30-day mortality. Interestingly, 
in patients who die after Roux-en-Y gastric 
bypass, half die due to technical complications, 
whereas the other half die of complications of 
their obesity. Clinically, only 20 % of patients 
were suspected to have a PE; yet at autopsy, 80 % 

of patients had a PE  [  20  ] . Morbidly obese patients 
undergoing Roux-en-Y gastric bypass have an 
unexpectedly high rate of clinically silent pulmo-
nary emboli contributing to an increase in mor-
bidity and mortality. 

 We reviewed our clinical data in patients at 
high risk for PE who underwent placement of a 
rIVCF prior to gastric bypass for morbid obesity 
during an 18-month period. The indications for 
prophylactic rIVCF placement included a history 
of DVT (71 %), hypercoagulable state (43 %), 
and PE (14 %). Half of the patients had more than 
one risk factor. The average body mass index at 
the time of  fi lter placement was 51 ± 10.8. The 
retrieval of the IVCF was successful in all 
attempted patients after an average of 148 ± 63 days 
and following a weight loss of approximately 
82 ± 31 lb. There were no complications related to 
 fi lter placement or retrieval. One patient devel-
oped a recurrent DVT in the extremity contralat-
eral to the IVCF placement access site. There 
were no PEs and no deaths  [  21  ] . 

 Vaziri and colleagues  [  18  ]  observed a 21 % 
incidence of recurrent DVT, 15 % incidence of 
thrombus in the IVCF, and no PE in a group of 
patients who had an IVCF placed during bariatric 
surgery and who had a previous history of VTE. 
They concluded that concurrent IVCF placement 
is safe, feasible, and an effective preventative 
measure in high-risk morbidly obese patients. 
Based on their observation, they recommend the 
use of rIVCFs in conjunction with standard VTE 
prophylaxis for patients with a history of VTE 
undergoing bariatric surgery.  

   Catheter-Directed Treatment of DVT 

 Deep venous thrombosis occurs in large-diameter 
veins; thus, the thrombus burden and VTE poten-
tial during pharmacological or catheter-directed 
thrombolysis (CDT) and mechanical thrombec-
tomy can be great especially if the more proximal 
veins are involved. Percutaneous maneuvers in 
these thrombus-burdened veins can lead to the 
release of clot and debris which can migrate to 
the pulmonary vasculature. Théry and associates 
 [  22  ]  observed that VTE was captured by tempo-
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rary IVCF in 29–33 % of patients following 24 h 
of systemic thrombolysis. Kölbel and colleagues 
 [  23  ]  reviewed their 12-year experience of CDT 
and mechanical thrombectomy during the treat-
ment of acute iliocaval thrombosis. Visible 
emboli trapped within the rIVCF were found in 
58 and 43 % of patients, respectively. Yet, none 
developed a clinical symptomatic PE or a com-
plication related to the placement or retrieval of 
the rIVCF. The authors concluded that thrombus 
embolization is common during treatment and 
that the placement of a rIVCF during therapy can 
prevent both silent and symptomatic PE.  

   Pregnancy 

 Pregnant women with DVT or a history of VTE 
are managed with conventional LMWH antico-
agulation for the duration of pregnancy. However, 
therapeutic pharmacologic anticoagulation must 
be stopped to avoid bleeding complications dur-
ing delivery. The rationale is that rIVCF can offer 
protection against VTE and PE during the 
window in which anticoagulation is halted. In 
pregnancy, the recommendation is to place an 
IVCF in the suprarenal location to avoid com-
pression by the gravid uterus. Intravascular vol-
ume changes during pregnancy, the dynamic 

physiologic variability of the caval diameter, the 
forces exerted during uterine contraction, the 
intra-abdominal pressure changes during vaginal 
delivery, or the manipulations that occur during 
C-section can alter the caliber or diameter of the 
cava and lead to IVCF tilt in 5.3–16 % of patients 
(Fig.  19.1 ), migration, or device fracture in 2.7 % 
of cases  [  24–  26  ] . In a study by Seshadri and col-
leagues  [  27  ] , 92 % of women had successful 
removal of the rIVCF when clot was not found 
trapped within the  fi lter.   

   Filter Placement 

 Typically, the procedure is performed in an angio-
graphic suite or operating room with  fl uoroscopic 
guidance. We recommend using a duplex ultra-
sound to interrogate the target vein and achieve 
precise percutaneous access with a 22-gauge nee-
dle and a micropuncture 4-Fr system. When pos-
sible, the right femoral vein approach is preferred. 
Anatomically, it offers a shorter and straighter 
access to the IVC. Commonly, a marking pigtail 
catheter is used to perform an IVC venogram to 
determine the size of the IVC and to delineate the 
origin of the renal veins. A variety of rIVCFs can 
be placed depending on physician’s preference 
and diameter of the IVC. The author prefers to 

  Fig. 19.1    IVCF tilt during pregnancy. ( a ) Initial IVCF 
position at the time of placement in the suprarenal IVC. 
( b ) IVCF position at the time of retrieval 6 weeks after 
delivery via C-section. The rIVCF has migrated in a cau-

dal direction with some struts seen in the renal veins. ( c ) 
Computed    tomography showing the rIVCF within the 
IVC and left renal vein. The  white arrows  indicate the 
direction of the  fi lter’s apex       
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advance the dilator and introducer sheath over a 
0.035-in. starter wire of choice; however, in the 
obese patient, he has found that a super stiff 
0.035-in. wire allows for improved push ability 
through the subcutaneous tissues. Filters should 
be deployed following the standard manufactur-
er’s instructions for use. Following  fi lter  insertion, 
a completion IVC venogram can be performed. 

 Patients who cannot receive intravenous con-
trast due to allergy or renal insuf fi ciency and who 
are pregnant and the use of angiography is not 
necessarily recommended, IVCF placement can 
be achieved with the guidance of an intravascular 
ultrasound (IVUS). Intravascular ultrasound pro-
vides real-time endoluminal characteristics and 
very accurate sizing of the IVC. Brie fl y, a double 
ipsilateral femoral venous access can be achieved 
as described above, one for the IVUS and the 
other for the  fi lter access. Alternatively, a single 
puncture with placement of a large enough sheath 
that can accommodate both the IVUS and the 
 fi lter delivery system can be used. In addition, the 
femoral vein contralateral to the IVUS access site 
can be cannulated for  fi lter delivery and place-
ment when possible. It is important to identify 
the following anatomic landmarks to ensure the 
proper intended location for  fi lter placement 
either in the infrarenal or suprarenal IVC before 
delivery: (1) right atrium, (2) renal veins, (3) iliac 
vein con fl uence, and (4) IVC diameter. The  fi lter 
is deployed using real-time IVUS imaging. 

 There is another group of patients in whom 
transportation to an endovascular suite or operat-
ing room is accompanied by inherent risks usu-
ally due to severe respiratory failure, hemodynamic 
instability, or severity of injury. These patients 
can bene fi t from bedside rIVCF placement. The 
above technique using IVUS can be particularly 
useful. Aidinian and associates  [  28  ]  reviewed 
their experience of IVUS-guided bedside IVCF 
placed in military patients with complex injuries. 
The authors reported a 93 % success rate and one 
technical complication of  fi lter misplacement in 
the common iliac vein as a result of 
misidenti fi cation of the venous anatomy. 
Similarly, others have shown that using IVUS 

guidance, rIVCF can be safely and accurately 
placed at bedside in 93.1 and 97.2 % of multiple 
trauma and critically ill patients, respectively. 
Misplacement was also into the iliac vein or in 
relation to the renal veins  [  5,   29  ] . Based on their 
experience, Killingsworth and associates  [  5  ]  have 
implemented an algorithm for IVUS-guided bed-
side IVCF placement. Instead of IVUS, transab-
dominal ultrasound-guided bedside IVCF 
placement has also been described with a failure 
rate between 2 and 15 %  [  30 ,  31  ] .  

   Filter Retrieval 

 It is important to establish if there is any throm-
bus burden within the rIVCF prior to removal. 
This can be imaged with a CT scan using intrave-
nous contrast. Alternatively, when  fi lter removal 
is intended, a pigtail catheter should be placed at 
the con fl uence of the iliac veins and an IVC veno-
gram performed to delineate any clots within the 
device. Filters should be removed according to 
the manufacturer’s guidelines which usually 
require the capture or snare of the  fi lter apex or 
hook (Fig.  19.2 ).  

 Failure of intended retrieval is most commonly 
the result of  fi lter tilt in which the apex comes in 
close proximity or contact with the IVC wall. 
Balloon-assisted removal  [  32  ]  of tilted rIVCF 
involves the use of a large angioplasty balloon 
in fl ated below nominal pressure to free the apex 
and guide it toward the IVC center line for cap-
ture or snare (Fig.  19.3 ). Alternatively, another 
technique the author has used involves gaining 
opposite access through both the IJ and femoral 
vein. A large 12- to 14-Fr sheath is placed through 
the access site intended for retrieval in order to 
accommodate the wires and the retrieval device 
or snare. Stiff wires are guided past the  fi lter on 
the side of the tilt and snared at either end as 
“body  fl oss.” Applying tension on the wires can 
mobilize the  fi lter away from the IVC wall and 
allow capture (Fig.  19.4 ). Another technique also 
involves the dual access described above. Instead, 
a wire is looped around the  fi lter apex and snared 
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back into the sheath and out. The sheath is then 
advanced over the wire loop until enough tension 
is placed to allow displacement of the  fi lter’s apex 
away from the IVC wall and toward the midline 
where it can be captured through the venous 
access from the opposite end (Fig.  19.5 ). Van Ha 

and colleagues  [  33  ]  demonstrated that modi fi ed 
techniques are useful in dif fi cult retrievals when 
conventional maneuvers fail. After removal of 
the  fi lter, an IVC venogram is performed to 
evaluate the IVC for defects, tears, or extravasa-
tion of contrast in case of perforation.     

  Fig. 19.2    Retrieval of an IVCF. ( a ) IVC venogram 
through a pigtail catheter placed at the con fl uence of the 
iliac veins. Trapped clots are not observed within the  fi lter. 
( a1 ) Eclipse rIVCF. ( b ) Captured rIVCF with the Recovery 
Cone ( solid arrow ). ( c  and  c1 ) rIVCF collapse and early 

retrieval into the sheath. ( d ) Filter completely retrieved 
into the sheath ( dotted arrows  show the direction of 
retrieval). ( e ) Completion IVC venogram showing con-
trast in the IVC without defects or extravasation       
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   Complications 

 As any procedure, placement and retrieval of 
IVCFs is not devoid of potential complications. 
Therefore, the bene fi t of placing and removing 
the  fi lter must be balanced against other alterna-
tives. Some of these complications are described. 
Inadvertent arterial puncture or initial access 
complications can be minimized with the use of 
ultrasound-guided venous puncture and the use 
of a micropuncture kit as described previously. 
Access site hematomas can still occur. The migra-
tion rate of new generation  fi lters is approxi-
mately 0.3 %  [  17  ] . Misplacement is a technical 
complication that needs to be identi fi ed promptly 
and corrected. The risks of DVT as it relates to 
the presence of an IVC  fi lter were previously 
addressed in this chapter. Occlusion of the  fi lter 
can occur as a result of device thrombogenicity 
or extension of the thrombus from the underlying 
DVT. It becomes a catch 22 when the  fi lter is 

  Fig. 19.4    Dual wire 
technique aligns the  fi lter to 
allow capture with a snare          

  Fig. 19.3    Balloon-assisted snare of a tilted rIVCF       
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  Fig. 19.5    ( a – c ) A wire is looped around the  fi lter apex 
and snared back into the sheath and out. ( d ,  e ) The sheath 
is advanced over the wire loop until enough tension is 

placed to push the  fi lter’s apex and hook away from the 
IVC wall and toward the midline where it is retrieved 
using a snare       
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capable of preventing VTE and PE, but in the 
process it can contribute to IVC occlusion from 
the clot burden. Tilting or angulation can prevent 
successful retrieval. Filter fracture or retained 
fracture strut after retrieval can also occur 
(Fig.  19.6 ). Yet, with proper patient selection and 
experience with different devices and techniques, 
the process of rIVCF placement and retrieval can 
be ef fi cacious and associated with a low risk and 
complication rate.    

   Conclusions 

 Venous thromboembolism constitutes a 
signi fi cant cause of death among the critically 
ill, multiple injured, and at-risk surgical 
patients. Retrievable IVCF plays an important 
role in the prevention of fatal PE. Proper  fi lter 
and patient selection along with meticulous 
technique during implantation and retrieval is 

accompanied by successful results with mini-
mal comorbidity. Patient follow-up is para-
mount to ensure higher retrieval rates.      
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  Abstract 

 Idiopathic hyperhidrosis (excessive sweating) is a common benign condi-
tion that may cause a patient signi fi cant social, emotional, and professional 
distress. By de fi nition, hyperhidrosis is the secretion of sweat in amounts 
greater than physiologically needed for thermoregulation. Diagnosis con-
sists of focal, visible, excessive sweating of at least 6 months duration with-
out apparent cause with at least two of the following criteria:

   Bilateral and relatively symmetric  
  Impairs daily activities  
  At least one episode per week  
  Onset before age 25  
  Family history of idiopathic hyperhidrosis  
  Focal sweating stops during sleep    
 Hyperhidrosis is commonly localized to the palm, soles, and axillae. 

Palmar hyperhidrosis may result in social embarrassment and may affect the 
patient’s ability to handle equipment that requires a gripping. There is evi-
dence for a genetic component to hyperhidrosis. Eccrine glands are inner-
vated by the sympathetic nervous system. In patients with idiopathic 
hyperhidrosis, the sweat glands are normal. The cause of hyperhidrosis 
appears to be an exaggerated central response to normal emotional stress. 
The differential of sweating is broad but includes infectious causes, lym-
phoma, autonomic dysre fl exia, hyperthyroidism, carcinoid syndrome, pheo-
chromocytoma, and perimenopausal hot  fl ashes. These should be considered 
especially if symptoms occur at night or are associated with  fl ushing.  
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   Thoracoscopic Sympathectomy 

   Diagnosis and Clinical Evaluation 

 Idiopathic hyperhidrosis (excessive sweating) is 
a common benign condition that may cause a 
patient signi fi cant social, emotional, and profes-
sional distress. By de fi nition, hyperhidrosis is 
the secretion of sweat in amounts greater than 
physiologically needed for thermoregulation  [  1  ] . 
Diagnosis consists of focal, visible, excessive 
sweating of at least 6 months duration without 
apparent cause with at least two of the following 
criteria:

   Bilateral and relatively symmetric  
  Impairs daily activities  
  At least one episode per week  
  Onset before age 25  
  Family history of idiopathic hyperhidrosis  
  Focal sweating stops during sleep    
 Hyperhidrosis is commonly localized to the 

palm, soles, and axillae. Palmar hyperhidrosis 
may result in social embarrassment and may 
affect the patient’s ability to handle equipment 
that requires a gripping. There is evidence for a 
genetic component to hyperhidrosis  [  2  ] . Eccrine 
glands are innervated by the sympathetic nervous 
system. In patients with idiopathic hyperhidrosis, 
the sweat glands are normal. The cause of hyper-
hidrosis appears to be an exaggerated central 
response to normal emotional stress. The differ-
ential of sweating is broad but includes infectious 
causes, lymphoma, autonomic dysre fl exia, hyper-
thyroidism, carcinoid syndrome, pheochromocy-
toma, and perimenopausal hot  fl ashes. These 
should be considered especially if symptoms 
occur at night or are associated with  fl ushing.  

   Medical Management 

 Most commercially available over-the-counter 
antiperspirants contain a low-dose metal salt 
(usually aluminum) that physically obstructs the 
opening of sweat gland ducts. These over-the-
counter products are only successful in treating 
patients with very mild symptoms. Antiperspirants 
such as 20 % aluminum chloride in ethanol 

(Drysol) or 6.25 % aluminum tetrachloride 
(Xerac) may provide adequate therapy for 
patients with mild symptoms. Antiperspirants 
have a rapid onset of action but not as durable 
 [  3  ] . Antiperspirants are normally applied at 
night, with onset of action occurring as early as 
48 h. Use of these solutions is often associated 
with skin irritation especially within the axillae. 
Iontophoresis is the process of introducing ion-
ized substance into the skin using a direct cur-
rent. For hyperhidrosis, the patient’s hands are 
submerged in tap water while a direct current is 
applied. Decreased pH due to an increase in H +  
ions during tap water iontophoresis may contrib-
ute to eccrine gland dysfunction. Treatments 
may be administered at home  [  4  ] . Small random-
ized trials have demonstrated an 81 % reduction 
in sweating  [  5  ] . This therapy can be time con-
suming, taking 20–30 min a day. With time, 
treatments may be reduced to three times a week. 
Botulinum toxin A blocks the release of neu-
ronal acetylcholine from the presynaptic junc-
tion of autonomic neurons. Multiple injections 
(10–30) are required especially on the hands. 
Randomized trials have demonstrated 82 % 
ef fi cacy up to 16 weeks when treating axillary 
hyperhidrosis  [  6  ] .  

   Surgical Management 

 The concept behind sympathectomy for treat-
ment of hyperhidrosis is the interruption of sym-
pathetic innervation to the sweat glands. 
Sympathetic out fl ow is responsible for sensory-
motor innervation to the thoracic viscera. The 
motor supply to the organs also supplies the sweat 
glands of the skin in the axilla and upper 
extremity. 

   Indications for Surgery 
 Patients considered for surgery are those with pri-
mary hyperhidrosis and severe symptoms affect-
ing their daily lives, making social work 
interaction embarrassing. Patients with palmer, 
axillary, plantar, and craniofacial sweating have 
all been described to bene fi t from sympathectomy 
with different success rates  [  7 ,  8  ] . In general, 
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plantar hyperhidrosis is not an indication for 
 thoracoscopic sympathectomy. Nevertheless, 
some patients report improvement in plantar 
hyperhidrosis after the procedure. Most patients 
present after trying medical therapies without 
success or only transient relief. We consider tho-
racic sympathectomy to be the treatment of choice 
for this pathophysiologic condition. This proce-
dure also has been described in all age groups 
including adolescents with excellent results  [  9  ] .  

   Surgical Anatomy 
 The sympathetic chain is located longitudinally 
in the retropleural region overlying the rib heads 
at their articulation with the transverse process of 
the vertebral body. The inferior cervical and T1 
ganglia fuse to form the stellate ganglion; it is in 
the apicoposterior location often covered by fatty 
tissue. T1 root mainly supplies the head and neck 
region, whereas most of the innervation to the 
hand originates in the T2 ganglion and partly 
from the T3 ganglia. The axillary region is sup-
plied by the T4 and T5 ganglia of the sympathetic 
chain. The nerve of Kuntz arises from the post-
ganglionic  fi bers of T2 and T3 which bypass the 
stellate ganglion and carry sympathetic  fi bers to 
the inferior portion of the brachial plexus. 
Identi fi cation of the ganglion levels is guided by 
the appropriate rib levels. The second ganglion is 
situated at the lower edge of the second rib within 
the second intercostal space.  

   Technique 
 This technique requires general anesthesia with 
double-lumen endotracheal intubation. The 
patient is placed in the lateral decubitus position. 
We elect to do this and reposition the patient for 
the contralateral side, as this provides the most 
optimal visualization. Alternatively, the patient 
can be positioned in the sitting position with both 
arms extended and supported. We prefer not to 
use this position so that potential injuries due to 
positioning are avoided. Potentially, a single 
lumen tube can be used, but this would require 
carbon dioxide insuf fl ation to improve visualiza-
tion. Pressure above 15 mmHg should be avoided 
as this is associated with hemodynamic instabil-
ity and should be used with extreme caution. The 

thoracic cavity is approached via one 5-mm inci-
sion in the midaxillary line, in the mammary fold. 
Two additional 5-mm ports are placed in the sec-
ond and third intercostal spaces in the axillary 
hair line, and the lung is collapsed (see Fig.  20.1 ). 
The sympathetic chain is then identi fi ed running 
over the rib heads, and the overlying pleura is 
excised; dissection is carried using hook electro-
cautery. It is very important to locate the level of 
the intended resection prior to opening the pleura. 
This is done as above according to the rib levels. 
Care must be taken to avoid injury to nearby 
intercostal vessels during dissection. This is 
achieved by opening the pleura on top of the rib 
and starting the plane of dissection that way (see 
Fig.  20.2 ). After circumferential dissection of the 
chain, attention is turned to ablation, and this 
could be achieved using different methods. In 
2007, a randomized study by Inan et al. looked at 
outcomes of different techniques used to ablate 

  Fig. 20.1    Port placement during thoracoscopic 
sympathectomy       

  Fig. 20.2    The parietal fascia has been incised, and the 
sympathetic chain is grasped as it is excised       
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the thoracic chain. They divided their patients 
into four groups: resection, transection, cautery 
ablation, and clipping. They did not notice any 
signi fi cant difference in outcomes between tech-
niques and all achieved satisfactory results  [  10  ] . 
We prefer to resect the chain in our institution. 
An important question also is the extent of abla-
tion. In our practice, generally for palmar hyper-
hidrosis, excision of T2 is indicated and adequate. 
A randomized blinded study comparing T2 ver-
sus T2 and T3 ablation for palmar hyperhidrosis 
was performed by Katara et al. in 2007. They did 
not  fi nd any difference in symptomatic relief or 
recurrence with a mean follow-up period of 
23 months  [  11  ] , while for axillary hyperhidrosis, 
most will take T2 along with T3 and frequently 
T4 ganglion as well  [  12  ] . The use of electrocau-
tery above the T2 level is avoided not to injure the 
T1 ganglion and cause Horner’s syndrome. Also 
identi fi cation of the nerve of Kuntz or any acces-
sory  fi bers and their ablation is important to avoid 
recurrence. After resection, the air is evacuated 
from the chest using a small catheter and the lung 
is in fl ated by anesthesia. The incisions are closed 
and the patient extubated. This procedure is done 
as an outpatient procedure with follow-up in 
clinic in 1–2 weeks.     

   Complications 

   Early Complications 
 Pneumothorax is the most common early compli-
cation and is seen in up to 75 % of patients  [  13  ] . 
Chest tube is rarely required, and most are treated 
conservatively. Patients who might need a chest 
tube are those with history of prior surgery or 
adhesions  [  8  ] . Other complications that have 
been reported include subcutaneous emphysema, 
injury to subclavian artery, and chylothorax  [  14  ] . 
In the same series, Gossot et al. reported a 5.3 % 
incidence of signi fi cant (300–600 ml) intraopera-
tive bleeding  [  14  ] . Rebound sweating is a tempo-
rary recurrence of sweating that occurs in 31 % 
of patients  [  15  ] . Horner’s syndrome is seen in 
less than 1 % of patients. Wait et al. found in their 
series that this was associated with sympathec-
tomy more compared to sympathotomy  [  8  ] .  

   Late Complications 
 The commonest long-term complication is com-
pensatory sweating. The incidence of compensa-
tory sweating varies considerably in the literature 
and is reported to be up to 62 %  [  8  ] . However, 
most of these were reported as mild symptoms 
with only 6 % reported as severe or bothersome. 
It is also reported as high as 89 % in the literature 
with 35 % of the patients severely affected by it 
 [  16  ] . The severity and presence is higher in 
patients who undergo lower level sympathectomy 
involving T2-T4 for axillary hyperhidrosis com-
pared to patients who undergo only T2 ablation 
for palmer hyperhidrosis. Inclusion of T5 in the 
sympathectomy or sympathotomy results in more 
severe compensatory sweating  [  8  ] . In a prospec-
tive study where patients had two different 
approaches for ablation (resection versus transec-
tion) on either side, none of the patients could 
appreciate any difference in regard to compensa-
tory sweating  [  17  ] . Another long-term complica-
tion is gustatory sweating, and the reason for this 
is still obscure. The incidence varies from 38 to 
50 % in the literature and is particularly related to 
spicy foods or foods with acidity like oranges or 
apples  [  18  ] . Of note, there has been some reports 
regarding disturbances in cardiac rhythm both 
intraoperatively, postoperatively, and long-term 
bradycardia  [  19  ] . While more and more patients 
undergo this procedure, there will be more 
reported complications, and evidence will 
emerge, leading to more patient awareness 
regarding those side effects.   

   Results 

 In our experience, thoracoscopic sympathectomy 
is very effective in treating hyperhidrosis espe-
cially in the palmar and axillary region. This is 
con fi rmed by multiple studies in the literature 
with long-term follow-up. The attractiveness of 
this procedure is the lack of major morbidity 
compared to the open approach. Also, better 
visualization is achieved by the thoracoscopic 
approach compared to the open one. 

 Recently (2010), Wait et al. reported their 
results in 322 patients with different indications. 
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They found that the region most responsive for 
sympathectomy was palmar followed by cranio-
facial, axillary, and plantar. In general, patient 
satisfaction was up to 93.8 % in all groups  [  8  ] . 
Similar results are con fi rmed by other studies 
with range of satisfaction, even up to 6 years of 
follow-up, as high as 90 %  [  20  ] . The main reason 
for long-term dissatisfaction with the results of 
the procedure is related to compensatory sweat-
ing  [  21  ] . Recurrence of symptoms is very rare in 
our experience and as reported in the literature. 
This was attributed to the use of transection rather 
than resection without signi fi cant difference as 
reported by Assalia et al. in 2007  [  17  ] .   

   First Rib Resection 

   Diagnosis and Clinical Evaluation 

   Neurogenic 
 The neurologic signs and symptoms that result 
for neurogenic thoracic outlet syndrome range 
from vague intermittent paresthesias with provo-
cation to muscle atrophy. The diagnosis is often 
dif fi cult and confounded by psychiatric disorders 
or secondary gain as in workers’ compensation. 
No single test may lead to diagnosis, but instead a 
constellation of signs and symptoms will rule out 
other causes and may direct treatment. Physical 
therapy should be sought early to address postural 
abnormalities and muscle imbalance. Evaluation 
should include potential distal sites of nerve 
entrapment at the elbow, forearm, and wrist. 

 Patients typically complain of paresthesias 
along the medial border, a T1 distribution, of the 
forearm and hand. They may describe discomfort 
along the shoulder girdle that radiates into the 
upper arm. Symptoms are worsened by activity 
of the upper extremity especially with elevation 
over head or carrying objectives with the arms in 
the dependent position. Symptoms of neurogenic 
thoracic outlet syndrome are chronic and insidi-
ous; though not infrequently patients may report 
an antecedent injury. 

 The cervical spine should be completely 
examined including passive and active range of 
motion. Cervical spine nerve impingement can 

be screened using the Spurling’s test. Axial com-
pression on the patient’s head which is extended 
and laterally  fl exed may solicit symptoms radiat-
ing down the extremity. A positive Spurling’s test 
indicated cervical radiculopathy. Rotator cuff 
tendinitis is assessed with active shoulder range 
of movement, palpating the insertion of the rota-
tor cuff on the greater tuberosity. This does not 
exclude concomitant thoracic outlet syndrome. 

 Chest radiographs are required for all patients 
to identify bone abnormalities such as cervical 
ribs, prior fractures, or degenerative changes. 
Cervical ribs can be found in 1 % of the popula-
tion and are associated with 6–11 % of patients 
with thoracic outlet syndrome  [  22  ] . Cervical 
spine radiographs may provide additional infor-
mation. Computed tomography is of less utility 
in the diagnosis of thoracic outlet syndrome  [  23  ] . 
This modality should be reserved for patients that 
have associated  fi ndings of lymphadenopathy, 
trauma, or lung mass. Magnetic resonance imag-
ing (MRI) may provide information concerning 
the shoulder girdle and may rule out rotator cuff 
tear. Impingement of the brachial plexus may be 
visualized especially with provocative maneuvers 
in severe cases using MRI  [  24  ] . 

 The purpose of provocative test is to elicit the 
symptoms of thoracic outlet syndrome by com-
pressing the clavicular costal space. Most pro-
vocative tests rely on compression of the axillary 
artery and, therefore, may not be reliable as an 
indicator of neurogenic thoracic outlet syndrome. 
There are four maneuvers that may be included in 
the evaluation of patient complaining of thoracic 
outlet syndrome type symptoms. Combining 
these tests with pressure in the supraclavicular 
fossa may increase the diagnostic yield.

   Adson’s maneuver: The patient’s arm is down 
by the side, and the head is turned toward 
symptomatic side. While the patient inhales 
and performs a Valsalva, the radial pulse is 
monitored.  
  Halsted maneuver: The patient stands with the 
shoulders backward and downward in a military 
posture. The radial pulse is again monitored.  
  Wright’s maneuver: Involves shoulder hyper-
abduction to 180° with the elbows  fl exed, 
again monitoring the radial pulse.  
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  Roos’ test: Involves rapid opening and closing 
of the hand for 3 min while the arm is abducted 
at 90° and externally rotated with the elbow 
 fl exed at 90°. Reproduction of the patient’s 
symptoms is considered a positive test.    
 Tinel’s sign involves eliciting paresthesias at 

the site of nerve compression by applying 4–6 
taps with the examiner’s digit. The sensation of 
tingling is a positive sign. The test may be per-
formed over the supraclavicular fossa. Pain or 
tenderness is not considered a positive sign. 

 Somatosensory evoked potentials (SSEPs) 
allow for proximal testing of the brachial plexus. 
Results have been mixed with some investigators 
demonstrating 74 % of thoracic outlet patients 
with an abnormal SSEP  [  25  ] . While others have 
not found these measurements to be useful  [  26  ] , 
nerve conduction velocities are useful in deter-
mining distal points of compression. Conduction 
studies have not been universally accepted as 
standard criteria for the diagnosis of thoracic out-
let syndrome. Normal values using the Krusen-
Caldwell technique are:

   >72 m/s across thoracic outlet  
  >55 m/s across elbow  
  >59 m/s across forearm  
  >2.5 m/s across wrist    
 The location of a conduction delay may iso-

late the location of the nerve compression  [  27  ] . 
Distal sites of compression are commonplace in 
patients with thoracic outlet syndrome. In a 
review of 50 patients with TOS, more than 50 % 
of patients had clinical evidence of carpal and 
cubital tunnel syndrome  [  23  ] . The double-crush 
concept presumes that a single area of compres-
sion may not be suf fi cient to cause a clinical syn-
drome. The entire upper extremity should be 
evaluated for nerve compression.  

   Venous 
 The syndrome of venous thoracic outlet obstruc-
tion resulting in acute subclavian thrombosis is 
termed Paget-Schroetter syndrome and is also 
referred to as effort thrombosis. This syndrome 
typically manifests as sudden onset of arm swell-
ing in a young healthy individual. A history of 
recent new or strenuous exercise involving the 
upper extremities may sometimes be elucidated. 

Compression of the subclavian vein occurs 
between the  fi rst rib and either hypertrophic or 
abnormal scalene tendon attachments. Chronic 
compression of the vein can cause perivenous 
 fi brosis, which may lead to venous obstruction. 
In some, a hypercoagulable state may be a con-
tributing factor  [  28  ] . 

 Diagnosis requires suspicion in a young 
patient presenting with acute upper extremity 
edema. Physical exam will reveal venous engorge-
ment and cyanosis. Pulses are often exaggerated 
due to venous hypertension. Elevation of the limb 
may reduce the severity of the symptoms. 
Although, traditionally, venography was used to 
diagnose subclavian vein, this is often reserved 
for therapeutic treatments that are often preceded 
by noninvasive sonographic studies. Ultrasound 
 fi nding includes non-compressibility, enlarge-
ment of the diameter of the vein, hypoechoic 
material within the vein, and lack of Doppler 
 fl ow. The ability to compress the subclavian vein 
itself is limited by the clavicle and chest wall. 

 Once the diagnosis is made, chest radiography 
may help determine any bone abnormalities. 
While venography may direct thrombolytic ther-
apy, it is seldom used as a diagnostic tool alone. 
Computed tomography or MRI may be used in 
patients where other etiologies of venous obstruc-
tion are being considered.  

   Arterial 
 The arterial thoracic outlet syndrome is the rarest 
form of thoracic outlet syndrome occurring in 
only 1 %. Patients with arterial thoracic outlet 
syndrome are often young and healthy with a his-
tory of vigorous arm activity. Symptoms include 
digital ischemia, upper extremity claudication, 
pallor, paresthesia, and pain in the hand and are 
the result of subclavian stenosis and embolization. 
Hand symptoms can mimic Raynaud’s syndrome, 
often delaying diagnosis. Chronic compression of 
the subclavian artery may lead to  fi brosis and 
stenosis. Poststenotic dilatation and chronic 
trauma may lead to subclavian aneurysm forma-
tion. Mural thrombus may embolize resulting in 
hand symptoms. A bruit may be auscultated in the 
supraclavicular fossa. Provocative maneuvers may 
demonstrate loss of radial pulse, though not a 
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speci fi c  fi nding. Arterial compression with 
provocative maneuvers produces a decrease in 
palpable arterial pulses in up to 60 % of healthy, 
asymptomatic individuals  [  29  ] . Arterial thoracic 
outlet syndrome may also occur concomitantly 
with the neurogenic form and should be consid-
ered in all cases. With a liberal use of arterial 
imaging, an 82 % rate of arterial pathology in 
patients treated for thoracic outlet syndrome with 
known bone abnormalities may be found  [  30  ] . 
Initial evaluation should include bilateral blood 
pressure measurements. Ultrasound duplex may 
reveal underlying stenosis or aneurysm. Arterio-
graphy is useful during the planning of interven-
tion. Concomitant subclavian artery stent grafting 
and  fi rst rib resection have been described as a 
successful strategy  [  31  ] . Stenting of the subcla-
vian artery without decompression of the thoracic 
outlet is worth mentioning only to be 
condemned.   

   Conservative Management 

 Nonoperative management is considered to be 
the initial management, especially in patients 
with neurogenic symptoms. This holds true in 
the absence of the rare progressive neurological 
and vascular pathology related to the syndrome 
 [  32 ,  33  ] . The approach to the patient should start 
with modi fi cation of aggravating positions and 
postures. Activities that require heavy lifting, 
vibrating tools, repetitive motion, and elevation 
of the limb should be avoided. At night, patients 
are encouraged to develop sleeping habits with 
arms on the sides. Education cannot be overem-
phasized in the symptomatic patient. Physical 
therapy that addresses postural abnormalities, 
neural mobility, and muscle imbalance relieves 
the symptoms in most patients  [  33  ] . The suc-
cess of physical therapy depends on dealing 
with the brachial plexus nerve compression and 
muscle imbalance in the cervicoscapular region. 
Typically, treatment begins with postural correc-
tion with stretching exercises to regain normal 
muscle length. This is followed by strengthen-
ing exercises to maintain the new posture. Also, 
pain and edema relief is very important, and 

exercises to help with that should be included 
 [  34  ] . Most programs concentrate on neck and 
shoulder muscle with graded restoration of scap-
ula control  [  32  ] . Heat therapy before exercise 
and icing after is recommended. Conservative 
treatment has to continue for 4–6 months before 
surgery is considered in most cases  [  35  ] . Once 
patient starts therapy, he should continue in a 
stepwise fashion with progression of dif fi culty. 
If symptoms recur during treatment, patient 
should step down on the exercise program to 
easier exercises. 

 Other deconditioning factors such as obesity, 
poor respiratory function, and breast hypertrophy 
should be addressed. Lindgren et al. published in 
1997 their experience after therapy with 119 
patients and a follow-up period of 2 years. Eighty-
eight percent of patients were satis fi ed with the 
outcome of their therapy, and the same number 
followed through with their exercise throughout 
the follow-up period  [  36  ] .  

   Indications for Surgery 

 Symptomatic patients unresponsive to postural 
and positional modalities including physical ther-
apy are candidates for operative decompression. 
The symptomatic patient includes patient with 
neurogenic, arterial, or venous symptoms. It is 
contemplated that patients with effort vein throm-
bosis should be considered for surgery after the 
initial episode without any other modality applied. 
In those patients, immediate thrombolytic ther-
apy followed by early surgical decompression 
has been shown to be safe and effective while 
signi fi cantly decreasing the duration of disability 
suffered by patients  [  37  ] .  

   Surgical Anatomy 

 The thoracic cavity communicates with the root 
of the neck through an opening called the tho-
racic inlet; however, clinicians call it the thoracic 
outlet since neurovascular structures emerge from 
the thorax to enter the neck and upper limbs. It is 
also called the cervicoaxillary canal. It is the 
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space where compression occurs, resulting in the 
symptomatic patient. It is divided by the  fi rst rib 
into a proximal space that contains the scalene 
triangle and the costoclavicular space and a distal 
space that is basically the axilla. The proximal 
space is the critical space. In particular, the sca-
lene triangle (which is located between the ante-
rior scalene muscle, middle scalene muscle, and 
the  fi rst rib inferiorly) contains the brachial plexus 
and the subclavian artery. Both scalene muscles 
insert on to the  fi rst rib. The subclavian vein is 
anterior to this triangle. Also, it is important to 
note the presence of the phrenic nerve on the 
anterior surface of the anterior scalene muscle 
and the long thoracic nerve on the posterior sur-
face of the middle scalene. The brachial plexus in 
the scalene triangle consists of the nerve roots 
(C5-T1) and the three trunks (upper, middle, and 
lower). It is surrounded by the axillary sheath 
which includes the artery as well. Sibson’s fascia 
is a thickening of connective tissue that covers 
the lung apex, extending from the  fi rst rib to the 
transverse process of the C7 which is in close 
proximity to the thoracic duct on the left side.  

   Technique 

   Supraclavicular 
 The supraclavicular surgical approach has the 
advantages of direct access to the brachial 
plexus for neurolysis and the cervical ribs for 
resection. The patient is positioned in the supine 
position with a roll between the scapulas and 
the head extended and slightly rotated to the 
contralateral side. Avoidance of long-acting 
paralytics and the use of a nerve stimulator are 
helpful adjuncts. An incision is made parallel 
and 1–2 cm above the clavicle. The platysma 
muscle is divided along the incision. The supra-
clavicular nerves below the platysmas are spared 
and mobilized to avoid paresthesia of the area. 
The omohyoid is divided and the supraclavicu-
lar fat pad is elevated laterally. The most lateral 
portion of the sternocleidomastoid muscle is 
divided. The phrenic nerve is identi fi ed on the 
anterior surface of the anterior scalene muscle 

traveling lateral to medial (Fig.  20.3 ). With min-
imal handling of the phrenic nerve, the anterior 
scalene is divided sharply at its insertion on to 
the  fi rst rib. The long thoracic nerve is located 
on the posterior aspect or within the middle sca-
lene muscle. Care should be taken when sharply 
detaching the broad  fi brous middle scalene 
attachment to the  fi rst rib insertion. The subcla-
vian artery is identi fi ed along with the thyrocer-
vical trunk. Traction using vessel loop may 
facilitate dissection of the artery. The brachial 
plexus upper, middle, and lower trunks are 
mobilized with sharp dissection. Fibrous bands 
of Sibson’s fascia are excised. The  fi rst rib is 
then divided using rib shears. The anterior half 
of the  fi rst rib is removed using rongeurs to the 
level of its insertion onto the manubrium. The 

  Fig. 20.3    After retracting the fat pad, the brachial plexus 
is visible; the phrenic nerve is seen overlying the anterior 
scalene muscle (Reprinted with permission from Pearson 
and Patterson  [  38  ] )       
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posterior half of the  fi rst rib is removed in simi-
lar fashion to the transverse process. Care must 
be taken to not injure the C8 root which passes 
above and the T1 root which passes below the 
 fi rst rib as shown in Fig.  20.4 . The pleural dome 
may be opened to allow drainage into the chest 
and prevent any hematoma formation in the 
neck. A Jackson-Pratt ®  small drain is placed 
through a counter incision. The sternocleido-
mastoid is re-approximated along with the plat-
ysma and skin.   

 This is the approach preferred by the authors 
as it allows direct visualization of the nerves and 
allows adequate neurolysis of the brachial plexus. 
   By extending the incision medially and dividing 
the manubrium as described by Grunenwald 
et al., it provides excellent exposure of the sub-

clavian vessels for venolysis and roof patch 
angioplasty in cases of Paget-Schroetter syn-
drome  [  39 ,  40  ] .  

   Transaxillary 
 The transaxillary approach was  fi rst reported by 
Roos and popularized by Urschel and Razzuk  [  41, 
  42  ] . The advantages of this approach include a cos-
metic incision and direct access to the peripheral 
subclavian vein. Accessing and performing com-
plete neurolysis of the brachial plexus may be 
compromised by this approach. The patient is 
placed in a decubitus position, with the ipsilateral 
arm draped in to the  fi eld to allow manipulation 
throughout the case. The traction is applied to the 
ipsilateral arm either by an apparatus or an assis-
tant. Hyperextension should be avoided to prevent 
brachial injury. The incision for the transaxillary 
approach is located below the axillary hairline, 
transversely between the pectoralis major muscle 
anteriorly and the latissimus dorsi muscle posteri-
orly. Dissection is carried down to the chest wall. 
Superiorly along the chest wall, the  fi rst rib is 
identi fi ed. The brachial artery may be palpated and 
identi fi ed along with the nerve as they exit the tho-
racic outlet. The  fi rst rib is dissected using a 
periosteal elevator until the anterior scalene muscle 
is identi fi ed. The vein and artery are protected by a 
right-angle clamp around the anterior scalene mus-
cle. The anterior scalene is divided at its insertion 
on the  fi rst rib. The pleural surface of the  fi rst rib is 
freed, avoiding a defect in the pleural and associ-
ated pneumothorax. A section of  fi rst rib is then 
removed. The anterior portion of the rib is removed 
by dividing the costoclavicular ligament. The ante-
rior portion of the  fi rst rib is removed to the level of 
the manubrium. The posterior portion of the  fi rst 
rib requires careful dissection of the middle sca-
lene and the intimately associated C8-T1 brachial 
plexus roots. Removal of the posterior portion of 
the rib often requires reduction with rongeurs until 
the transverse process is reached. Once the rib is 
removed, accessory adhesions may be freed from 
the inferior surface of the brachial plexus. The vein 
may be exposed more meticulously. In the case of 
venous thoracic outlet syndrome, vein patch angio-
plasty is possible from this location.  

  Fig. 20.4    Careful dissection will reveal the C8 root 
which passes above and the T1 root which passes below 
the  fi rst rib (Reprinted with permission from Pearson and 
Patterson  [  38  ] )       
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   Thoracoscopic 
 Thoracoscopic  fi rst rib resection has been 
reported in the literature without widespread 
use. We do not perform this procedure; how-
ever, it has been described by Ohtsuka et al. in 
1999  [  43  ] . This involves placing the patient in 
the lateral decubitus position and double-lumen 
intubation. It also involves special endoscopic 
instruments (endoscopic drill, endoscopic eleva-
tors, and rongeurs). Three 10-mm incisions are 
used, one lower for the camera port and two 
higher placed in the third intercostal space and 
the  fi fth intercostal space, for the use of working 
instruments. The pleura is incised over the  fi rst 
rib and the intercostal muscles detached. The 
vein, artery, and brachial plexus are identi fi ed. 
They are freed from the  fi rst rib using blunt dis-
section with elevators. Then the endoscopic drill 
is used to transect the rib while protecting the 
neurovascular structures by placing the elevator 
behind the rib. The scalene muscles are taken 
off the  fi rst rib by removing both the bone and 
periosteal tissue from the muscle attachments. 
The rib is removed through a port, and then the 
resected ends are trimmed using a rongeur. The 
area is irrigated, no drain is left, and the inci-
sions closed  [  43  ] . This technology has not been 
utilized in a widespread fashion, and long-term 
results or outcomes have not been compared to 
other standard open procedures. Thus, further 
studies and experience with this technique are 
needed. Recommendation for using this proce-
dure cannot be made at this time.   

   Complications 

 In general, the surgical approach to treatment of 
thoracic outlet syndrome is safe as reported by 
most series. Complications are mostly related to 
injury to surrounding structures and long-term 
pain and sensory issues. The more signi fi cant inju-
ries are those to major neurovascular structures; 
however, they are infrequent and the more com-
mon injuries are to the smaller diameter nerves 
such as long thoracic and phrenic nerve  [  33  ] . 
Incidence is reported as high as 11 %; however, 

most of those cases were temporary resolving in 
few months  [  44  ] . Also, injury to the sensory 
nerves, intercostal brachial nerve in the transaxil-
lary approach and supraclavicular nerve in the 
supraclavicular approach, is reported by most 
patients which could be temporary or permanent. 

 Pneumothorax is another potential complica-
tion with violation of the pleura that might require 
evacuation  [  45  ] . Thoracic duct injuries are also 
reported and should be suspected with pleural 
effusion and draining wounds  [  37  ] . 

 Postoperative hematoma could lead to com-
pression of the nerve structures leading to injury; 
some people advocate opening the pleura to pre-
vent this complication  [  33  ] . 

 Long-term pain complaints are common, and 
this could be related to scar tissue, poor post-op 
physical therapy, or even poor patient selection. 
Patients presenting with neurogenic symptoms 
to begin with might require secondary interven-
tion like repeating physical therapy, Botox injec-
tions for chemo-denervation, and muscle 
relaxation and/or pain management referral more 
often compared to other presentations  [  45  ] . Even 
sympathectomy has been described for postop-
erative causalgia in very rare cases  [  37  ] . So 
patient selection and correct diagnosis cannot be 
overemphasized. 

 Recurrence of thoracic outlet syndrome 
could be related to inadequate resection of the 
 fi rst rib  [  46  ] .  

   Results 

 The lack of randomized control trials and the 
variety of treatment methodologies make analy-
sis of the data dif fi cult. The use of combined 
thrombolysis followed by decompression of the 
thoracic outlet is likely the best approach. This 
may result in 87 % symptom relief in long-term 
follow-up  [  47  ] . This was despite a 64 % reoc-
clusion rate. There is no role for stenting of the 
venous obstruction without decompression of 
the thoracic outlet  [  48  ] . External compression 
of the stent and repetitive motions within the 
area may lead to stent fracture or restenosis.       
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   Introduction    

 An arterial venous  fi stula (AVF) is the recom-
mended permanent vascular access for hemodi-
alysis (HD) by the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative 
(KDOQI), the National Vascular Access 
Improvement Initiative (Fistula First), and the 
Society for Vascular Surgery  [  1–  3  ] . Patients 
undergoing HD with AVF access have lower 
mortality rates in addition to fewer complications 
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  Abstract 

 Approximately 350,000 Americans with end-stage renal disease receive 
hemodialysis therapy with annual Medicare costs over $23 billion. 

 Individuals with an arterial venous  fi stula (AVF) have lower mortality, 
morbidity, and costs when compared to patients with central catheters and 
grafts. AVF rates have increased dramatically over the last several years. 
Ultrasound evaluation is important for both preoperative access planning 
and in postoperative management. Vascular access options and techniques 
have expanded signi fi cantly. Endovascular techniques for access matura-
tion and maintenance have become established as the preferred method of 
intervention when necessary. 

 This chapter reviews the many established and new options for hemo-
dialysis vascular access in addition to the diagnosis and treatment of asso-
ciated complications and issues of long-term maintenance.  

  Keywords 
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and hospitalizations, leading to lower overall 
costs when compared to individuals with central 
vein catheters (CVC) or arteriovenous grafts 
(AVG)  [  4–  8  ] . Individuals with autogenous access 
have lower circulating levels of in fl ammatory 
mediators such as serum C-reactive protein, 
tumor necrosis factor, and others, when compared 
to patients with CVCs or AVGs  [  9 ,  10  ] . The 
United States population is both expanding and 
aging with anticipated increasing need for HD 
services  [  11 ,  12  ] . The number of patients new to 
HD increased 9.8 % yearly from 1996 to 2003. 
After accounting for population growth, the rate 
of dialysis initiation increased by 57 % during 
this time period  [  13 ,  14  ] . However, since 2003, 
the increasing incidence of patients starting HD 
has slowed to 3.6 % in 2009 compared to 2008. 
Prevalence of dialysis patients at the end of 2009 
was 398,861. The mean age and percentage with 
diabetes for prevalent HD patients are expected 
to continue increasing in future years  [  15  ] . 

 Despite the general consensus that permanent 
vascular access is superior to CVC-based dialy-
sis, approximately 80 % of new HD patients start 
dialysis with a catheter. Total CVC use in the 
United States hemodialysis population has slowly 
decreased since 2006, although the percentage is 
higher than many other developed countries 
(Fig.  21.1 )  [  16–  18  ] . CVC-based HD access 

places patients at increased risk for complications 
such as infection, central venous stenosis or 
occlusion, mechanical catheter dysfunction, 
thrombosis, and worse subsequent AVF outcomes 
 [  1 ,  2 ,  19–  21  ] . The higher infection rate associ-
ated with a CVC leads to more procedures and 
increased morbidity and mortality risk compared 
to individuals receiving dialysis by an AVG or 
AVF  [  1 ,  19–  23  ] . Bradbury et al. reported conver-
sion to a permanent access (AVF or AVG) from a 
CVC was associated with a lower adjusted mor-
tality hazard ratio of 0.69 (95 % con fi dence inter-
val, 0.55–0.85). These  fi ndings were persistent 
across demographic groups and facilities. 
Vascular access conversion to a CVC from an 
AVG or AVF was associated with an adjusted 
mortality hazard ratio of 1.81 (95 % con fi dence 
interval, 1.22–2.68)  [  24  ] . When CVC access is 
necessary, a right internal jugular vein tunneled 
catheter has the lowest complication rate. 
Subclavian vein catheter placement should be 
avoided when at all possible due to the high rate 
of subsequent central venous stenosis and occlu-
sion. The availability of ultrasound guidance for 
placement of CVCs is important, improving 
placement safety and catheter function  [  25  ] .  

 Total Medicare costs rose 7 % in 2007 to $410 
billion. CKD affects an estimated 27 million 
Americans, consuming more than 24 % of 

2003

National Prevalent Vascular Access Rates
July, 2003 – October, 2011

0

10

20

30

40

50

60

70

40.1

32.2

26.9

60

20

7.8

13.3

2004 2005 2006 2007 2008 2009 2010 2011

AVF

AVG

CVC > 90 d

Total CVC

  Fig. 21.1    Data shown from the  [  2  ] . 
Vascular access reported for patients in the 
United States.  AVF  arteriovenous  fi stula, 
 AVG  arteriovenous graft,  CVC > 90d  catheter 
present >90 days,  total CVC  all patients with 
catheter access       

 



30321 Hemodialysis Access Creation and Maintenance

current Medicare costs  [  11  ] . At the current rate of 
increase, Medicare costs for CKD are expected to 
double by the year 2030  [  11  ] . End-stage renal 
disease (ESRD) Medicare costs increased 6.1 % 
in 2007 to $23.9 billion involving more than 
430,000 patients  [  16  ] . Foley and Collins analyz-
ing the 2006 United States Renal Data System 
(USRDS) Annual Data Report found Medicare 
costs for patients with ESRD increased 57 % 
between 1999 and 2004  [  26  ] . Dialysis access 
plays an important role in these costs. Almost 
20 % of the total spending for hemodialysis is 
involved in vascular access with up to 50 % of 
hospitalization costs for ESRD in the  fi rst year of 
HD related to access issues  [  14  ] . CVCs not only 
have the greatest health risks for dialysis access, 
they also have a major cost impact  [  27  ] . Among 
the prevalent hemodialysis population, the most 
common access-related event is placement of a 
new CVC, with 0.65 catheter events per year in 
2006 for those already using a CVC, 0.24 for 
those with an AVG, and 0.12 for those with an 
AVF  [  16  ] . 

 AVGs are intermediate in mortality, morbid-
ity, and are associated with higher costs, while 
AVFs demonstrate the best pro fi le  [  19  ] . Medicare 
costs in 2007 expressed as per person per year for 
ESRD patients with AVF vascular access were 
about $60,000, 18–25 % lower than those for 
patients with a CVC or AVG. Per person per year 
access event costs were $7,451, $5,960, and 
$3,194 for individuals with an AVG, CVC, or 
AVF, respectively  [  16  ] . While AVF rates have 
increased dramatically in the United States dur-
ing the last several years, improving AVF matu-
ration rates and continuing to decrease the use of 
CVCs remain important opportunities for dialy-
sis access improvement  [  2 ,  8 ,  17 ,  22  ]  (Fig.  21.1 ). 
The 2009 Annual Renal Data System Report 
found that infectious hospitalization rates in the 
hemodialysis population have declined for two 
successive years, suggesting that complications 
associated with catheters may be starting to 
decline  [  16  ] . 

 Several systematic and thorough reviews for 
vascular access options are available including 
clinical guidelines from the National Kidney 
Foundation, Fistula First, the Society for Vascular 

Surgery, and others  [  1–  3 ,  28  ] . Most access 
procedures are accomplished with local anesthesia 
and sedation or by regional block in an outpatient 
setting. Autogenous assess operations and interven-
tional procedures generally do not require prophy-
lactic antibiotics  [  29 ,  30  ] . Several authors have 
reported success in maintaining autogenous vascu-
lar access in most or all patients  [  31–  33  ] .  

   Ultrasound and Contrast Vessel 
Mapping 

   Preoperative Planning and Evaluating 
Postoperative Maturation and 
Dysfunction 

 Ultrasound (US) vessel mapping before access 
creation and postoperatively to evaluate matura-
tion are key elements in planning a successful 
vascular access as well as increasing the num-
ber of functional AVFs established  [  3 ,  34 ,  35  ] . 
Direct US examination by the operating surgeon 
yields the most useful information in our opin-
ion  [  36 ,  37  ] . Venous imaging is accomplished 
with the patient lying with the back elevated 
30°, in a comfortably warm room, and having an 
arm tourniquet in place. Higher probe frequency 
and shallow focal depth settings allow excel-
lent imaging for access planning with direct 
real-time observation of the out fl ow vein(s) size 
and compliance, with detection of subtle areas 
of stenosis, especially at puncture and tributary 
sites. Accurate venous imaging requires sim-
ple interface of the probe with the skin surface 
through the US gel. The examiner must avoid 
applying probe pressure to the extremity as even 
the lightest compression may obscure super fi cial 
veins. Arterial imaging evaluates vessel size, 
calci fi c disease and  fl ow volume. We also use US 
brie fl y just prior to vascular access operations, 
con fi rming the surgical plan and mapping the 
incision site(s) along with key vascular anatomy. 
The vasodilatation produced by supraclavicular 
brachial plexus block in the study by Schenk 
allowed a more distal  fi stula to be created than 
planned in 37 % of patients without increasing 
the failure rate  [  38  ] . 
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 Preoperative venography is preferred for ves-
sel mapping by some surgeons and generally 
needed to evaluate the central venous system in 
patients with a history of multiple central venous 
catheters, pacemakers, or physical  fi ndings sug-
gesting central venous stenosis or obstruction. In 
patients approaching dialysis, the use of  £ 20 ml 
of contrast which is diluted 1–3× to increase vol-
ume is considered a very low risk to remaining 
renal function  [  39 ,  40  ] . Central venous stenosis is 
not an absolute contraindication to AVF construc-
tion if other options are not available. Arm swell-
ing may not develop, and percutaneous 
angioplasty is often successful if symptoms arise. 
Even an occluded central venous lesion with 
well-developed collateral veins may support a 
moderately low- fl ow functional AVF without 
signi fi cant swelling  [  41  ] . 

 During the surgical follow-up period and after 
access maturation, ultrasound evaluation adds 
important information to physical examination 
for the vascular access patient, particularly for 
those patients with AVFs. Ultrasound examina-
tion allows evaluation of vein location, size, 
depth, and AVF  fl ow volume, in addition to map-
ping the course and marking the optimal AVF 
cannulation sites prior to use. 

 Investigation of a nonmaturing, dysfunctional, 
or steal-related access problems is greatly 
enhanced by US evaluation in concert with infor-
mation from the dialysis unit, clinical history, and 
physical examination. We expect initial cannula-
tion for AVFs in 4–6 weeks and most AVGs in 
2–4 weeks. US is important in selecting those 
patients where initial AVF cannulation is expected 
to be successful or those where a brief period of 
continued observation is warranted. Prolonged 
periods of observation for nonmaturing AVFs 
should be avoided. US con fi rms the need for a 
prompt  fi stulogram in these patients and guides 
the interventionalist in planning the procedure 
 [  42  ] . Recent reports suggest US may be used 
alone for successful access angioplasty imaging 
in selected patients, without the need for intrave-
nous contrast or  fl uoroscopy  [  43  ] . Physical exam-
ination of a dysfunctional access (discussed 
elsewhere in this chapter) is enhanced by US 
 fi ndings, guiding and selecting the intervention 
required. Analysis and treatment of steal syndrome 

is substantially aided by reliable access  fl ow 
measurement available with most US units.   

   Radiocephalic Arteriovenous Fistulas 

 A radiocephalic AVF (RC-AVF) remains the rec-
ommended  fi rst choice for dialysis access  [  1–  3  ] . 
Even in a discussion of new concepts in vascular 
surgery, this original autogenous dialysis access 
deserves mention. The  fi rst dialysis access AVF 
was created in 1965 by Kenneth C. Apell at the 
Veteran’s Administration Hospital in Bronx, New 
York in collaboration with James Cimino and 
others  [  44  ] . It quickly became the gold standard 
for dialysis access. However, in recent years, the 
role for RC-AVFs has been the subject of debate 
with several authors reporting that RC-AVFs often 
thrombose or fail to mature, leading to frustration 
among patients, their nephrologists, and surgeons 
 [  45–  47  ] . In a review of the author’s (WCJ) experi-
ence with radiocephalic AVF, >95% functional 
cumulative patency rate was reported after 2 years 
follow-up  [  48  ] . This success was attributed to 
careful patient selection, ultrasound mapping, and 
follow-up with prompt interventions for those 
 fi stulas that fail to mature or develop subsequent 
dysfunction. Angioplasty of calci fi ed forearm 
arteries can salvage some dysfunctional  fi stulas 
 [  49  ] . The anastomosis may be end to side, or if a 
side-to-side con fi guration is chosen, the distal vein 
segment should be ligated, directing all access 
 fl ow into the targeted vein for cannulation and to 
minimize the risk of hand swelling. A recent report 
by Shenoy et al. found that the side-to-side anasto-
mosis with ligation of the distal vein to minimize 
vein twisting reduced overall  fi stula failure from 
40.3 to 16.7%  [  50  ] . One of the authors (SMG) 
 utilizes greater mobilization of the radial artery, 
minimizing the amount of vein dissection. 
Adjacent venous tributaries may be ligated through 
the same incision, especially perforating veins that 
would otherwise diminish blood  fl ow in the 
planned out fl ow vein targeted for cannulation. 

 We feel the key to successful RC-AVF con-
struction is in selecting individuals where good 
outcomes can be anticipated by preoperative 
evaluation. These individuals must have a normal 
arterial examination and an intact palmer arch. 
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Normal radial artery  fl ow is 20–30 ml/min, and 
this must increase to 5–600 ml/min within 
4–6 weeks. A small and/or calci fi c and noncom-
pliant radial artery will not support a mature and 
functional AVF nor maintain adequate  fl ow for 
AVG patency. Of equal importance is a distensi-
ble cephalic or median antebrachial vein, without 
narrowing throughout the forearm by both physi-
cal and ultrasound examinations. A radial artery 
internal diameter ³ 2.0 mm is generally recom-
mended and the out fl ow vein should be ³ 2.5 mm 
for successful RC-AVF construction (48). Both 
in fl ow and out fl ow criteria must be clearly assured 
to avoid unacceptable failure rates. This selective 
approach may appropriately exclude up to 90% 
of patients from RC-AVFs. Ultrasound examina-
tion is particularly important in identifying indi-
viduals not suited for RC-AVFs and aids in 
identifying a more suitable proximal autogenous 
access location. Simply “exploring the wrist” and 
constructing an AVF with poor vessels leads to 
prolonged catheter use, additional procedures, 
and eventual access failure and abandonment.  

   Antecubital and Bidirectional Flow 
Arteriovenous Fistulas 

 The RC-AVF remains our  fi rst choice for dialysis 
access when feasible; however, our most com-
mon operation is an AVF constructed in the ante-
cubital fossa, utilizing the proximal radial artery 
(PRA) for in fl ow when possible  [  51–  54  ] . This 
operation is generally performed through a lon-
gitudinal incision just below the crease of the 
elbow. The lateral antebrachial cutaneous nerve 
is usually located just lateral to the deep 

communicating (perforating) vein but may course 
medial to it. The radial artery is easily mobilized 
and offers adequate in fl ow with lower risk of 
steal syndrome. PRA-AVFs generally have a 
lower  fl ow rate potential than brachial artery 
 fi stulas. When the brachial artery is used for 
in fl ow, care should be taken to limit the anasto-
mosis length to <75% of the diameter of the bra-
chial artery to minimize the risk of steal syndrome 
 [  55  ] . The antecubital location offers many options 
for AVF construction. This site is generally the 
con fl uence of the deep communicating (perforat-
ing) vein, median cephalic, median cubital, and 
median antebrachial veins (Fig.  21.2 ). The PRA 
assumes a more anterior position at this location 
and is easily mobilized for AVF construction. 
Direct in fl ow into the upper cephalic vein is 
available through the median cephalic vein with 
an anastomosis to the PRA or brachial artery 
(Fig.  21.3a ). The deep communicating vein or 
the median cubital vein may offer a convenient 
end-to-side anastomosis for in fl ow into the upper 
arm cephalic or retrograde  fl ow into the median 
antebrachial vein (Fig.  21.3b ). The end-to-side 
con fi guration is particularly helpful in obese 
individuals where the in fl ow vessel may be sub-
stantially deeper. The deep communicating vein 
is continuous with the radial vein adjacent to the 
PRA and may be incorporated into a convenient 
branch patch anastomosis (Fig.  21.4 ). If the deep 
communicating vein is not used for an AVF anas-
tomosis, it should be ligated to avoid  fl ow into 
the deep veins instead of the targeted super fi cial 
system. The median cubital vein is continuous 
with the basilic vein and may offer an out fl ow 
option for a primary or staged transposition. If 
not used as the targeted out fl ow vein, the median 
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  Fig. 21.2    Forearm 
super fi cial venous anatomy       
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a
Median antebrachial vein

Radial artery

Median cubital vein

Cephalic vein

Communicating vein

b
Brachial artery

  Fig. 21.3    Proximal radial artery in fl ow arteriovenous 
 fi stulas (PRA-AVF). ( a ) Side-to-side anastomosis and ( b ) 
end-to-side anastomosis. Photos with corresponding sche-
matic images show bidirectional vascular access  fl ow 
( dashed lines ). Severe arterial occlusive disease may 

uncommonly involve the PRA. Creating the anastomosis at 
the bifurcation of the brachial artery, proximal to the recur-
rent radial artery (muscular branch), will gain adequate 
in fl ow in these patients (From Jennings  [  52  ] . Copyright © 
(2006) American Medical Association. All rights reserved)       

Brachial artery
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Median antebrachial vein

Deep communicating vein

Venous flair or
branch patch

  Fig. 21.4    Schematic image of an end-to-side PRA-AVF 
showing the deep communicating (perforating) vein as it 
joins one of the paired radial venae comitantes. The 

divided radial vein branch is incorporated into the com-
municating vein, creating a broad  fl air or branch patch for 
the anastomosis to the artery       
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cubital vein should also be ligated or restricted to 
avoid competitive AVF out fl ow resulting in non-
maturation of the planned access. This out fl ow 
planning concept should be emphasized. It is 
critically important for prompt access maturation 
that access out fl ow be directed to the veins tar-
geted for cannulation and out fl ow veins not part 
of the AVF circuit are ligated.    

 Bidirectional  fl ow is possible in many antecu-
bital  fi stulas and may be established by disrupt-
ing the initial valve(s) using a valvulotome, 
probe, or other instrument through the valve 
lea fl ets under direct vision through the venotomy 
prior to constructing the AVF anastomosis  [  46  ] . 
Bidirectional  fl ow may be helpful in several situ-
ations. These include not only the potential for 
dialysis sites to develop by retrograde  fl ow into 
the forearm but also improvement in  fl ow to 
maintain patency in marginal  fi stulas and offer-
ing sites for intervention if needed. Smaller veins 
may develop over time should the forearm site 
occlude with the potential for uninterrupted dial-
ysis access without catheter placement should 
other out fl ow braches become occluded. 

 Figure  21.5  shows methods for disrupting 
venous valves, gaining retrograde AVF  fl ow. 
Interrupting the  fi rst valve may be all that is nec-
essary and con fi rmed by ease of irrigation dis-
tally. The initial valve is often quite close to the 
venotomy, and if located at the anastomotic site, 
the lea fl ets should be excised. Any tributary in 
the area that is planned for ligation can be opened 
 fi rst and serve as an entry point for valve disrup-
tion. A self-centering valvulotome may also be 
passed through a small vein at the wrist after the 
anastomosis has been completed (Fig.  21.5d ). 
Forearm cannulation becomes possible in about 
65% of patients with bidirectional AVF  fl ow 
established. Sites in the distal one-third of the 
forearm may mature but tend to develop stenosis 
because of the reverse taper of the veins or from 
previous venipunctures and intravenous cathe-
ters. However, the basilic vein is the recipient of 
most of the distal runoff and may have matured if 
a revision becomes necessary. Signi fi cant venous 
hypertension with the retrograde  fi stula is uncom-
mon but can be treated by ligating offending 
communicating or super fi cial veins as necessary.   

a

b

c

d

Distal

  Fig. 21.5    Schematic images of methods for disrupting 
venous valves are shown, gaining retrograde AVF  fl ow. 
( a ) Titis needle, ( b ) antegrade valvulotome, or ( c ) vessel 

probe may be passed through the venous opening for the 
planned AVF anastomosis. ( d ) In situ retrograde valvulo-
tome passed from a small vein at the wrist       
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   Transposition AV Fistulas 

 For individuals where a radiocephalic or antecu-
bital direct AVF is not feasible, several veins offer 
the out fl ow opportunity for transposition. These 
include the basilic, brachial, cephalic, femoral, and 
saphenous veins  [  56–  60  ] . An autogenous trans-
position vascular access is generally preferable to 
placing an AVG  [  61  ] . US examination is important 
to con fi rm feasibility and plan the transposition 
procedure in addition to detecting anatomic anom-
alies or short stenotic segments such as PICC line 
sites that might lead to access failure. Patients with 

basilic or cephalic veins larger than 4 mm are often 
selected for primary transposition procedures. 
Individuals with veins 2.5–4 mm generally have 
the AVF created  fi rst and the staged transposition 
completed approximately 4 weeks later  [  56  ] . At the 
second-stage transposition, the out fl ow vein will 
have matured and enlarged to 6–10 mm in diam-
eter. It may then be reliably elevated to a position 
just anterior to the incision or divided for transposi-
tion into a new tunneled location  [  56  ] . Endoscopic 
mobilization of the basilic vein allows transposi-
tion with dramatically smaller incisions and the 
potential for earlier maturation  [  58 ,  59  ]  (Fig.  21.6 ). 

a

b

Transposed tunneled
basilic vein

Endoscopic harvest
basilic vein site

Endoscopic harvest
basilic vein site

Transposed tunneled
basilic vein

a

b

  Fig. 21.6    ( a ,  b ) Endoscopic 
harvest and tunneled 
transposition AVFs of the 
arm and forearm basilic veins       
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Almost all brachial vein transpositions should be 
done as staged procedures  [  57  ]  (Fig.  21.7 ). We use 
the proximal radial artery for in fl ow in the  fi rst-
stage AVF when possible. Forearm basilic vein 
transpositions are attractive procedures and appro-
priate when ultrasound mapping suggests ade-
quate size and a compliant conduit together with 
adequate arterial in fl ow. One of the authors (SMG) 
has used the ulnar artery and forearm basilic vein 
for AVF access without transposition, the patient 
 fl exing the elbow for cannulation. Transposition 
procedures achieve the new super fi cial and acces-
sible vein location by tunneling the vein (Fig.  21.6 ). 
Super fi cialization or elevation procedures refer to 
repositioning the vein under the skin just anterior 
to the incision, without the need to divide the vein 
and construct a new anastomosis (Fig.  21.7 ). We 
prefer vein tunneling when possible. However, 
limited vein length found with many staged 

brachial vein transpositions and some basilic veins 
will require super fi cialization with a narrow skin 
 fl ap created anterior to the incision, avoiding can-
nulation through the surgical scar. Alternatively, 
a concave skin incision is made with a straight 
tunnel anterior to the bed of the vein. Both tech-
niques require care to avoid rotation, kinking, or 
acute angulation as the vein is repositioned from 
its native location.   

 We  fi nd the great saphenous vein (GSV) to be 
generally less distensible and compliant than 
other veins and require a 6-mm minimum diam-
eter for use as a transposition or translocation. 
The GSV can be wrapped around a 24-F chest 
tube to create an 8-mm-diameter spiral vein graft, 
but the suturing is long and tedious. Femoral vein 
transposition AVFs have been found to offer reli-
able vascular access; however, they are a major 
undertaking  [  62  ] . Care must be taken to avoid 

Planned incision
Final vein position

Ultrasound vessel position

Vein superficialization
Completed transposition

Mature brachial vein

a

c

b

d

  Fig. 21.7    ( a – d ) The second stage of a brachial vein 
transposition is shown. Arterial in fl ow was provided by a 
 fi rst-stage proximal radial artery to radial vein AVF cre-
ated 4 weeks prior to this operation. ( a ) Preoperative ultra-

sound vessel mapping aids in planning the procedure. ( b ) 
The mature brachial vein is exposed. ( c ) The brachial vein 
AVF is super fi cialized to an anterior position. ( d ) The 
completed staged AVF transposition       
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steal syndrome as outlined by Gradman et al.  [  62, 
  63  ] . The anastomosis should be limited in size 
and in accordance with the dimensions of the 
in fl ow artery  [  55  ] . This operation carries increased 
morbidity and requires hospitalization and gen-
eral anesthetic  [  62–  64  ] .  

   Hemodialysis Access for Older 
Patients 

 The United States population aged 65 and over is 
expected to double by 2035 with more than 
70 million people aged 65 years or older  [  65  ] . 
Chronic kidney disease and dialysis needs are 
increasing in older individuals and at a higher 
rate than for the nonelderly population  [  66 ,  67  ] . 
Many authors report autogenous access in older 
individuals is feasible and reliable  [  31 ,  68–  74  ] . 
Other investigators found less than satisfactory 
results with AVFs and suggest AVGs should be 
used more often in the elderly patient  [  75 ,  76  ] . A 
recent review of 461 autogenous access opera-
tions in patients older than 65 years of age found 
a 94 % functional patency rate at 2-year follow-
up  [  74  ] . For those elderly individuals in need of 
permanent dialysis access, constructing a rela-
tively lower  fl ow PRA-AVF and planning a single 
out fl ow vessel such as the upper arm cephalic 
vein for earliest possible maturation may be the 
best initial choice  [  72 ,  74  ] . The upper arm 
cephalic vein is often larger, and in elderly 
patients with thin and fragile forearm skin and 
soft tissue, targeting this AVF conduit into the 
upper arm will likely help meet the goal of prompt 
and successful cannulation. 

 Debate continues as to the appropriate treatment 
for the more elderly and frail patients with ESRD 
in considering dialysis therapy and mode of vascu-
lar access. Expected survival times may affect dial-
ysis decisions in these fragile patients. Peritoneal 
dialysis has generally been considered a poor 
option for these individuals. However, hemodialy-
sis also substantially impacts their quality of life. 
Both CVCs and permanent vascular access have 
potential risks for access morbidity and cardiac 
complications. The answer to “What is the best 
medical care for fragile, elderly ESRD patients?” is 

not clear  [  77 ,  78  ] . It might be “best medical care 
without dialysis,” and if dialysis is elected, then 
possible CVC vascular access may be appropriate 
for the relatively small subgroup of extremely frail 
and elderly patients with short life expectancy. A 
clinical scoring system devised by Couchoud et al. 
was able to predict 6-month prognosis in older 
patients when starting dialysis  [  79  ] . The system 
was used as a tool to facilitate discussion with 
patients and families faced with these dif fi cult deci-
sions. Independent factors that predicted mortality 
at 6 months were low BMI, diabetes, congestive 
heart failure (Stages III–IV), peripheral vascular 
disease (Stages III–IV), dysrhythmia, active malig-
nancy, severe behavioral disorder, impaired mobil-
ity, and unplanned dialysis  [  79  ] .  

   Hemodialysis Access for Children and 
Adolescents 

 Although peritoneal dialysis is often the  fi rst 
choice for children with ESRD, the majority of 
pediatric patients in the United States are main-
tained on hemodialysis  [  80  ] . Autogenous access 
has been increasingly recognized as not only fea-
sible but accompanied by high success rates for 
these children  [  37 ,  51 ,  81–  83  ] . The same sequence 
of access operation options from the adult litera-
ture works well in children. As in adults, a radio-
cephalic AVF is our  fi rst choice but may not be 
feasible. Antecubital AVFs using the PRA when 
possible offer reliable long-term permanent 
access. Transposition AVFs using the basilic vein 
in addition to the femoral and brachial veins have 
been used successfully by several authors, both 
as primary and staged procedures  [  81 ,  84  ] . 

 Using an interrupted as opposed to running 
suture technique for access creation may be impor-
tant in smaller children, allowing the anastomosis 
to enlarge as the patient grows. An interrupted 
suture anastomosis might also result in later 
enlargement of the AVF with the potential for later 
development of a high- fl ow access and steal syn-
drome or cardiac issues. Using a RC-AVF or PRA-
AVF should minimize this risk. Interventional 
options with balloon angioplasty are less com-
monly needed in children but appear to be equally 
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effective with those in adults. Bourquelot et al. have 
emphasized microvascular techniques and reported 
their extensive experience with successful autoge-
nous access even in very small children  [  85  ] .  

   Obesity: Functional 
Hemodialysis Access 

 The percentage of overweight and obese individu-
als in the United States is increasing dramatically 
 [  86  ] . Obesity in the hemodialysis patient often 
makes the permanent vascular access options 
more challenging due to out fl ow vein depth. 
Fistula First suggests venous out fl ow cannulation 
sites should be within 6 mm of the skin level for 
reliable access  [  2  ] . For obese individuals, this can-
nulation depth recommendation may be accom-
plished through vein elevation, transposition, or 
translocation  [  87–  89  ] . However, these operations 
require out fl ow vein length be expended both to 
gain the super fi cial position required for cannula-
tion and then return of the vein to the deeper arte-
rial in fl ow level. We prefer a relatively new 
procedure, lipectomy, excising the subcutaneous 
tissue overlying the AVF out fl ow vein  [  90 ,  91  ] . 
We have found lipectomy to be successful in 
allowing prompt and reliable cannulation of autog-
enous access in obese individuals. The operation 
is relatively simple and has been described in both 
the forearm and the upper arm  [  90 ,  91  ]  (Fig.  21.8 ). 
The lipectomy procedure is appealing because the 
venous conduit is left undisturbed in its native path 
and venous side branches are left intact, possibly 
adding to access longevity if central venous or 
cephalic arch occlusion/stenosis later compro-
mises the major out fl ow channel. We generally 
perform the lipectomy as a staged procedure 
3–4 weeks after the AVF is created. Utilizing two 
and occasional three transverse incisions over the 
targeted veins is the preferred technical approach. 
Planning the operation and incision sites is aided 
by US examination by the operating surgeon. A 
drain may or may not be necessary, and access 
cannulation is generally allowed at 3–4 weeks. 
Liposuction is another option that may become 
more common in the future for gaining reliable 
AVF cannulation sites in obese patients  [  92  ] .   

   Novel Approaches to 
Vascular Access Creation 

   Extending Vein Length for 
Transposition AVFs 

 We have constructed successful AVF transposi-
tions combining segments of brachial and basilic 
veins or utilizing both brachial veins  [  93  ] . These 
procedures have all been constructed as staged 
transpositions with a proximal radial artery-bra-
chial vein in fl ow as the  fi rst stage in most patients. 
After the planned  fi rst-stage AVF has matured 
over a 4–6-week period, US examination during 
the follow-up period generally demonstrates a 
single out fl ow vein that is enlarged throughout the 
length of the upper arm. This targeted brachial or 
basilic vein becomes suitable for a later staged 
transposition. We rarely discover that the proximal 
portion of the targeted out fl ow vein fails to enlarge. 
In these patients, a proximal basilic vein segment 
or both brachial veins have usually matured. 
Ultrasound was critical in identifying these oppor-
tunities to use these large parallel vein segments 
with an end-to-end anastomosis, gaining the 
needed additional length for super fi cialization or 
tunneling. Both brachial veins may mature and 
may be mobilized throughout their length. This 
technique has been particularly helpful in obese 
individuals. Arm swelling has not been a problem 
with brachial vein AVFs unless central venous 
occlusion or stenosis is present, as with any access.  
Even then, many patients remain free of arm 
swelling with adequate venous return through col-
lateral veins.  

   Using Abandoned AVF Mature Vein 
Conduits 

 Rarely an AVF is abandoned or ligated due to 
arm swelling secondary to noncorrectable central 
venous occlusion with venous hypertension, 
acute bleeding, or other issues. These AVF 
out fl ow veins (often cephalic veins) may be well 
matured and are often lengthy and quite tortuous. 
The mature veins may offer an ideal conduit for 
translocation to the contralateral arm or lower 
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Previous AVF

dc
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  Fig. 21.8    Lipectomy technique: ( a ) The distended 
cephalic vein is exposed by opening the super fi cial invest-
ing fascia longitudinally. ( b ) Adipose tissue specimens 
excised in segments. ( c ) After lipectomy, deep dermal tis-

sue is sutured to the opened super fi cial investing fascia. 
( d ) The completed lipectomy procedure (From Barnard 
et al.  [  91  ] . © Copyright Elsevier)       
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extremity. These veins offer surprising length 
when mobilized in addition to the well-developed 
and mature vein wall. After the AVF transloca-
tion to the opposite arm or lower extremity, can-
nulation is usually possible within a few weeks.  

   Antecubital AVFs with Only Retrograde 
Venous Out fl ow 

 Occasionally, patients will have an adequate 
median antebrachial vein in the mid forearm; 
however, vessels at the wrist are not adequate for 
a successful radiocephalic AV  fi stula. The vein at 
the wrist may be too small or the radial artery at 
the wrist is inadequate for a simple  fi stula, or both. 
If an adequate upper arm cephalic vein is not pres-
ent, these individuals will require a transposition 
procedure. The surgeon may avoid more extensive 
procedures and utilize the forearm vein by con-
structing a reverse  fl ow AVF, creating a proximal 
radial artery AVF and disrupting the venous 
valves, allowing forearm access sites to develop 
 [  52  ] . A valvulotome may be utilized if disruption 
of the initial venous valve is not suf fi cient to 
establish retrograde  fl ow as described in the bidi-
rectional  fl ow discussion in this chapter. AVF 
out fl ow will be through multiple side channels 
into the deep venous system and medially into the 
basilic venous system. The dialysis staff should be 
instructed for cannulation that the access  fl ow is 
retrograde and venous return is directed toward 
the hand. Arm swelling is rare in these individuals 
unless central venous occlusion is present. If 
swelling develops a  fi stulogram with appropriate 
out fl ow angioplasty generally resolves the prob-
lem. Rarely a large branch into the dorsum of the 
hand is ligated or occluded by coil insertion.  

   Proximalization of AVF In fl ow in 
Patients at High Risk for Steal 
Syndrome 

 Patients who have severe peripheral vascular disease 
are at high risk for steal syndrome after creation of a 
permanent access. Those individuals often have 
failed access in the opposite or same extremity with 

a history of ligation for previous steal syndrome; 
some have amputations, a history of tissue loss, or 
disability due to ischemia. These patients are usu-
ally diabetic, and physical examination con fi rms 
signi fi cant peripheral vascular disease with lack of 
distal pulses. Ultrasound may show adequate venous 
out fl ow system for autogenous access creation. 
However, noncompliant and heavily calci fi ed bra-
chial and distal arterial systems are present suggest-
ing a high risk for developing steal syndrome if a 
new access is constructed. Arteriography in these 
individuals con fi rms distal noncorrectable arterial 
occlusive disease and relatively normal axillary 
arteries. We have successfully used primary AVF 
in fl ow proximalization, creating a functional vascu-
lar access and avoiding steal syndrome in these 
patients at high risk for hand ischemia  [  94  ] . The 
axillary artery in fl ow procedures utilized either a 
reversed  fl ow basilic vein transposition with valvu-
lotomy, a reversed basilic vein, a cephalic vein har-
vested from the forearm and placed in a loop 
con fi guration to the axillary artery, or a translocated 
reversed saphenous vein. In thin patients, a short 
loop basilic vein AVF based on the proximal bra-
chial or axillary artery can be created without the 
need to use retrograde AVF out fl ow. The transposed 
upper arm cephalic vein can also be looped into the 
axilla for in fl ow. In all of these instances, the axil-
lary or proximal brachial artery was used for in fl ow. 
This more proximal in fl ow location has a dramati-
cally larger artery that is relatively free of calci fi c 
disease and allows an anastomosis that will not 
result in steal syndrome following access creation. 

 Axillary artery in fl ow with retrograde venous 
out fl ow AVFs for high-steal-risk patients works on 
the established principle of proximalization for the 
successful treatment of steal syndrome  [  95  ]  utiliz-
ing a signi fi cantly larger and compliant artery, rela-
tively free of occlusive disease and avoiding an AVF 
anastomosis to a small and diseased brachial artery.  

   Novel Graft Con fi gurations 

 While we advocate autogenous access in every 
patient if possible and secondary  fi stulas whenever 
feasible, some individuals may require graft place-
ment. For patients with unreconstructable central 
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vein obstruction, an arterial-arterial graft has been 
reported  [  96  ] . The axillary artery can be divided 
below the clavicle allowing placement of a loop 
interposition expanded polytetra fl uoroethylene 
(ePTFE) graft. Blood  fl ows of about 250 ml/min 
can be obtained on dialysis. Higher  fl ows may be 
obtained when the femoral artery is used, but the 
risk of serious complications is much higher. For 
those able to tolerate major thoracic surgery, a 
subclavian vein to right atrium bypass graft 
through a sternotomy or right third intercostal 
space incision has been described when there is a 
working access upstream to CV occlusion  [  97  ] . 
An axillary-femoral vein ringed graft for decom-
pression of an upper extremity access with venous 
out fl ow obstruction has also been successful. 

 In the unusual situation when an AVF is not 
feasible in either the forearm or in the arm and 
antecubital vein AVG out fl ow options have been 
exhausted, external ringed or intrawall reinforced 
graft may be used across the elbow to super fi cial 
and deep veins. We emphasize that these potential 
out fl ow veins offer an opportunity for an autoge-
nous primary or staged transposition for many sur-
geons. Rather than starting with a brachial artery 
to axillary vein graft in the arm, a loop forearm 
graft can use venous out fl ow, and possibly arterial 
in fl ow, from the distal arm. This preserves proxi-
mal vein sites for future use. Results with midthigh 
arterial and venous anastomoses using lateral thigh 
graft tunneling were reported to have equivalent 
outcomes to the traditional loop from the groin 
vessels, while complications were less severe and 
the potential to revise to a more proximal out fl ow 
site with subsequent procedures were preserved 
 [  98  ] . Use of the iliac vessels through a retroperito-
neal approach allows positioning of a loop graft 
con fi guration onto the abdominal wall for cannu-
lation when other options are not available.   

   Secondary Arteriovenous Fistulas 

   Converting Arteriovenous Grafts to 
Autogenous Access 

 AVFs created following failure or repeated inter-
ventions of existing AVGs have been termed 

secondary  fi stulas (SAVF)  [  1 ,  2 ,  99  ] . KDOQI 
Guidelines and Fistula First recommend that 
each patient be reevaluated for conversion to an 
AVF after failure of an AVG. Patients with fore-
arm AVGs should have a plan in place for SAVF 
construction if the AVG requires repeated inter-
vention. Patients with an established forearm 
AVG may have a mature out fl ow vein available 
for creating the new SAVF. US imaging identi fi es 
access options and aids in planning the conver-
sion operation. When the established AVG 
out fl ow conduit into the upper arm is the cephalic 
vein, immediate cannulation is usually available, 
avoiding the need for CVC placement. It is 
important to avoid use of the upper arm for graft 
revisions or another AVG when the forearm AVG 
fails. If the established AVG out fl ow is a basilic 
or brachial vein requiring, in effect, a “staged” 
transposition of this mature vein, then a CVC 
will be required for a brief period. The absence 
of arm swelling prior to the AVG failure argues 
that the central venous system is free of signi fi cant 
obstruction or that adequate collateralization has 
developed to support the access. Even patients 
with failed or failing upper arm AVGs will likely 
have opportunities for new AVFs in the contralat-
eral or even in the ipsilateral arm when carefully 
evaluated with US and contrast venous mapping 
(Fig.  21.9 ).    

   New Grafts and Devices 

 It soon became apparent after the creation of the 
distal radiocephalic  fi stula that some patients 
would not have suitable vessels for a direct AVF. 
This problem only worsened as patient comor-
bidities increased, routinely including diabetes, 
obesity, peripheral vascular disease, and the very 
elderly. Since the introduction of ePTFE grafts in 
the mid-1970s, many new devices and grafts have 
entered the market, but most found limited use or 
have been withdrawn. 

 In the late 1970s, stainless steel and then 
polypropylene tubes known as Sparks’ mandrels 
were implanted in the patient’s subcutaneous 
tissue to create collagen tubes for HD access. 
Some of the lesions from that experience are 



31521 Hemodialysis Access Creation and Maintenance

being applied today in the development of 
tissue-engineered vascular conduits for dialysis 
access. In the 1980s, the Bentley DiaTAP but-
ton    (American Bentley, Irvine, CA., USA) and 
the Hemasite (Renal Systems, Minneapolis, 
Minn., USA) offered the hope of needleless 
immediate access to circulation through an 
exteriorized cap. Complications such as bleed-
ing and infection caused those efforts to fail. In 
the late 1990s, the LifeSite (Vasca, Inc., 
Tewksbury, MA, USA) and Dialock (Biolink 
Corp., Norwell, MA, USA) systems combined 
subcutaneous port(s) with tunneled catheter(s) 
to reduce catheter-related bacteremia (CRB). 
While they appeared to reduce infection rates 
somewhat, technical problems with port place-
ment and infection limited their popularity, and 
they are now off the market. In this decade, 
antiseptic prophylactic catheter lock solutions 
are demonstrating considerable success at 
reducing CRB. A high-dose citrate compound 
was removed by the FDA after a reported death, 
but others look promising in ongoing clinical 
trials. 

 Numerous biologic and synthetic graft varia-
tions have been developed since the initial use of 
ePTFE. However, standard ePTFE outcomes are 
generally viewed as the gold standard, and no 
large prospective randomized controlled trials 

(RCT) with new grafts have been done compar-
ing the two. 

   Biologic Grafts 

 The  fi rst nonautologous biologic graft, a glutaral-
dehyde-treated bovine carotid artery, was used in 
1970. Degeneration with aneurysm formation 
and a tendency to disintegrate when infected 
decreased its popularity. The graft processing 
was changed to improve these problems, and this 
collagen tube continues to be sold today as the 
Artegraft ® * (Artegraft, Inc., North Brunswick, 
NJ, USA*) with improved results  [  100  ] . The 
bovine mesenteric vein graft marketed as Procol ® * 
(Hancock Jaffe Laboratories, Irvine, CA, USA*) 
was shown to have a lower infection rate and 
required fewer interventions than PTFE in a non-
randomized study  [  101  ] . It has a signi fi cantly 
higher cost than ePTFE and has been used when 
repeated thromboses or infection occurs with an 
ePTFE graft. Cryopreserved femoral vein 
allografts are also available and may be used 
when a graft must be placed into a contaminated 
 fi eld or in vascular access reconstruction after 
removal of an infected graft. Decellularized 
bovine ureter has been used for HD access, but 
primary patency rates were disappointing.  

Failed (and ulcerated) upper arm AVG

New PRA-AVF

Site of excised
graft segment

  Fig. 21.9    Conversion of an 
eroded AV graft to secondary 
arteriovenous  fi stula using 
the proximal radial artery 
( PRA ) for in fl ow (From 
Slayden et al.  [  99  ] . © 
Copyright John Wiley & 
Sons, Inc)       

 



316 W.C. Jennings and S.M. Glazer

   Synthetic Grafts 

 The polyether urethane urea graft offers the 
advantage of cannulation after 24 h to avoid or 
minimize catheter use. However, its stiffness 
makes it technically challenging to place. 
Patencies and infection risk are no better than 
ePTFE. Many variations in the manufacturing 
and design of 6-mm-diameter standard wall 
ePTFE have been offered by several companies 
in hope of improving outcomes. These include 
differing graft wall porosity, multilayering of the 
graft to increase strength, stepped or tapering to 
reduce steal risk, thick wall, thin wall, stretch, 
adding external or internal wall support rings to 
reduce kinking and compression, hooded grafts 
to improve hemodynamics at the venous anasto-
mosis, internal carbon or heparin coating to 
improve patency, external gel coating to reduce 
seroma and make tunneling easier, and a clear 
polyethylene sheath to reduce friction during tun-
neling. Some of these changes have been com-
bined in a single graft. A penetrating U-shaped 
clip has been purported to speed construction of 
an interrupted anastomosis, although the device 
has not been widely adopted. A large retrospec-
tive study did show improved patency using an 
interrupted nonpenetrating clip versus a running-
sutured anastomosis  [  102  ] . A small vessel single-
 fi re anastomotic device has also been developed. 
While small studies often show a bene fi t for some 
of these variations in grafts, devices, or surgical 
techniques, no large RCTs have been done. 

 The HeRO ®     (Hemodialysis Reliable Out fl ow) 
(Hemosphere, Inc., Minneapolis, Minn., USA*) 
device, known originally as the GraftCath, was 
approved by the FDA as a graft in 2008. It is 
intended for those patients who are approaching 
or have become catheter dependent due to non-
correctable central venous obstruction. A 6-mm-
diameter ePTFE graft with in fl ow from the 
brachial artery in the arm is connected near the 
deltopectoral groove to a 5-mm internal diameter 
nitinol-reinforced silicone catheter using a tita-
nium connector. The radiopaque tip is positioned 
in the right atrium usually by way of the internal 
jugular vein. The device has also been placed 
through the subclavian or femoral veins. A non-

randomized clinical trial compared HeRO to tun-
neled dialysis catheter (TDC) and AVG literature 
as controls. The HeRO-related bacteremia rate 
was 0.70/1,000 days compared to TDC rate of 
2.3/1,000 days. All of the HeRO-related bactere-
mias occurred while a bridging TDC was in place 
to allow for healing of the ePTFE component 
before cannulation. HeRO primary patency at a 
mean follow-up of 8.6 months was 38.9 % com-
pared to AVG literature of 58 % at 6 months and 
42 % at 12 months. HeRO secondary patency at 
8.6 months was 72.2 % compared to AVG of 
76 % at 6 months and 65 % at 12 months  [  103  ] . 

 Clinical and basic science research is continu-
ing to improve HD access including new grafts 
and medical treatments to reduce intimal hyper-
plasia (IH). One new graft recreates the natural 
swirling movement of blood, while another recent 
graft has incorporated a  fl ow diffuser or double 
out fl ow channel at the venous anastomosis with 
both reporting improved hemodynamics. Clinical 
trials are ongoing with a gelatin wrap impreg-
nated with allogenic aortic endothelial cells to 
reduce IH. Injection of antimetabolites to reduce 
cell division and local gene therapy to produce 
vasodilation are being studied  [  104  ] . Advances 
have come slowly in the last 40 years since ePTFE 
grafts, and AVFs remain the best options for the 
vast majority of patients at this time.   

   Vascular Access Monitoring 
and Surveillance 

   Monitoring 

 The NKF-KDOQI guidelines de fi ne monitoring 
as “the evaluation of the vascular access by means 
of physical examination (inspection, palpation, 
and auscultation) to detect physical signs that 
suggest the presence of dysfunction  [  1  ] .” It is rec-
ommended to be done at least monthly. While it 
is usually assigned to the dialysis nurse, dialysis 
coordinator, or nephrologist, the surgeon knows 
the construction of the access best and should 
participate in patient follow-up during access 
maturation and maintenance. The surgeon’s 
physical examination (PE) is particularly useful 
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at the 4–6-week postoperative maturation visit. 
The recording of baseline  fi ndings when the sur-
geon releases the patient to start cannulation is 
especially important since later changes from 
that baseline exam are often diagnostic of a 
speci fi c problem. In a study reviewing the role of 
vascular access PE by Beathard, 91.7 % of 
patients sent for angiography on the basis of a PE 
were found to have >50 % venous out fl ow steno-
sis  [  105  ] . A study with only AVG patients found 
a sensitivity of 57 % and speci fi city of 89 % in 
predicting venous anastomotic stenosis with PE 
 [  106  ] . It takes only moments for an experienced 
examiner to perform a normal vascular access 
examination, requires no equipment other than a 
stethoscope, and is easily repeated. The HD 
access is a circuit that begins at the left ventricle 
and ends at the right atrium. Changes in physiol-
ogy and disease states such as hypertension, con-
gestive heart failure, and peripheral arterial 
disease will affect the examination of the access. 
The PE  fi ndings should relate to the variable 
characteristics of arterial in fl ow, the access con-
duit, and venous out fl ow. Changes in examina-
tion are a re fl ection of energy, pressure, and  fl ow 
reductions proceeding from artery to vein along 
the access. Every bruit and thrill results in a 
downstream drop in energy, pressure, and  fl ow 
 [  107  ] . Since the PE of native  fi stulas and grafts is 
somewhat different, they will be discussed sepa-
rately starting with  fi stulas. 

   Inspection 
 Fistulas should not appear pulsatile and should, 
at least partially, collapse with extremity eleva-
tion. If this is not the case, venous out fl ow 
obstruction should be suspected. If there is an 
anastomosis to the brachial artery more than 
4-mm long, the high in fl ow will prevent collapse, 
but it should soften with elevation. Infection is 
rare in autogenous accesses. However, cellulitis 
or focal abscess may develop, particularly at can-
nulation sites. Aneurysms should be noted, and 
the size recorded. Friable overlying skin or ulcer-
ation requires prompt attention, especially with 
any history of bleeding. Pale or cyanotic  fi nger 
nails or inability to move the  fi ngers well may be 
an indication of clinically important steal. 

Extremity swelling or collateral veins at the 
shoulder may indicate central vein disease.  

   Palpation 
 There should be a strong thrill throughout systole 
and diastole in the perianastomotic area. If there 
is a pulse at the anastomosis, severe stenosis is 
likely present somewhere in the venous out fl ow 
portion of the circuit. In radiocephalic AVFs at 
the wrist, two-thirds of stenoses occur in the vein 
within 4 cm of the anastomosis. A localized thrill 
away from the anastomosis indicates a stenosis. 
It is critical to remember that the proximal radial 
artery or brachial artery anastomoses are too deep 
to palpate. Feeling a thrill super fi cial to such 
 fi stulas does not exclude at least moderate steno-
sis within 2 cm of the anastomosis. If a stenosis is 
suspected, a normal access  fl ow measurement is 
reassuring. Adding elevation of the extremity to 
the examination often helps pinpoint the site of 
stenosis. When elevating an extremity with a 
high-grade stenosis in the vein, the transition 
point between dilated and collapsed veins indi-
cates the site of stenosis. While still elevated, the 
rate of re fi lling of the vein when it is compressed 
downstream gives an estimate of the amount of 
in fl ow and severity of the stenosis. For veins that 
do not collapse with elevation because of large 
in fl ow, downstream compression should still 
cause the vein to dilate more. If it does not enlarge 
at all, out fl ow obstruction is likely. Large acces-
sory veins sometimes delay or prevent matura-
tion by draining blood from the main channel. 
They can be located by occluding the out fl ow 
vein every 2 cm starting just downstream to the 
anastomosis. The occluding  fi nger will feel a 
pulse until it moves beyond a large accessory 
vein. Direction of  fl ow in an access can be deter-
mined by occluding the conduit and feeling which 
side becomes pulsatile. Sometimes, a thrill is pal-
pated over the infraclavicular fossa indicating a 
terminal cephalic arch or central vein stenosis.  

   Auscultation 
 A low-pitched, continuous bruit throughout sys-
tole and diastole is normal at the anastomosis. 
The higher the pitch and the shorter the bruit, the 
greater the stenosis predicted. The bruit normally 
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becomes lower in pitch and softer the further 
from the anastomosis. A localized high-pitched 
bruit away from the anastomosis indicates a 
stenosis at that point. A “thumping sound” or no 
diastolic bruit suggests very low access  fl ow and 
impending occlusion.  

   Grafts 
 The PE of synthetic grafts is somewhat more 
dif fi cult to interpret because of the stiff wall (low 
compliance), higher  fl ows, gradual pressure drop 
across the entire length, and the lack of branches. 
However, the same techniques and physiologic 
approach are used as with a native  fi stula. A 
record of the baseline exam by the surgeon when 
the patient is released to start cannulations is 
again essential, because changes are much more 
important than an isolated exam. For example, if 
the patient started with a thrill and bruit through-
out systole and diastole at the anastomosis and 
returns in 3 months with a pulsatile anastomosis 
and bruit in systole and only ½ of diastole, high-
grade stenosis at the venous anastomosis is very 
likely. Grafts should dilate slightly when occluded 
downstream unless there is a high-grade stenosis 
in the out fl ow vein. Grafts tend not to collapse 
with elevation, except for pseudoaneurysms, but 
should become softer. If thrills are present at both 
arterial and venous anastomoses and in the mid 
graft, signi fi cant stenosis is very unlikely  [  108  ] . 
High graft  fl ow is associated with a forearm graft 
without a pulse at the venous anastomosis and a 
thrill in the distal part of the arm or especially in 
the axilla  [  109  ] . 

 The vascular access examiner will gain 
con fi dence with increasing experience and by 
correlating patient outcomes and imaging results 
with physical  fi ndings. Quoting Dr. Gerald 
Beathard, “…we often ignore an effective tech-
nique that is literally at the tip of our  fi ngers. 
The patient’s access has a lot to say if we will 
listen”  [  105  ] .   

   Surveillance 

 The NKF-KDOQI de fi nes surveillance as “the 
periodic evaluation of the vascular access by 

means of tests which may involve special instru-
mentation and for which an abnormal test result 
suggests the presence of dysfunction”  [  1  ] . At 
least monthly testing is advised. Recommended 
methods are intra-access  fl ow measurements with 
trend analysis, directly measured or derived static 
venous or arterial segment dialysis pressure 
ratios, and duplex ultrasound with  fl ow measure-
ment and/or imaging. Access  fl ows <600 ml/min 
in grafts or <400–500 ml/min in  fi stulas are 
abnormal and are associated with an increased 
risk of thrombosis. Static venous segment pres-
sure ratio >0.5 in grafts or  fi stulas or an arterial 
segment static pressure ratio >0.75 in grafts is 
also abnormal. A key element of surveillance is a 
commitment to access intervention based on pre-
determined surveillance threshold values with 
the premise that a treatable lesion will be discov-
ered and the patient will bene fi t from the inter-
ventional testing and procedure  [  110 ,  111  ] . In 
general, one does not respond to a single abnor-
mal surveillance  fl ow or pressure ratio measure-
ment. Trend analysis and associated abnormal 
physical or clinical  fi ndings increase the power to 
detect dysfunction. 

 We conclude that monitoring by physical 
examination of the vascular access is generally 
felt to be helpful in predicting access dysfunction 
prior to access failure, although it is dif fi cult to 
analyze in a prospective randomized fashion 
 [  105 ,  112  ] . Surveillance has not, as yet, been per-
suasively shown to extend functional vascular 
access life for AVGs or AVFs, although some 
investigators report fewer thrombotic events. A 
study in children found a reduction in access-
related costs  [  113–  117  ] . Paulson et al. point out 
that there are no convincing large prospective 
randomized controlled studies for access surveil-
lance. In addition, multiple interventions may 
worsen local in fl ammatory processes and stimu-
late restenosis, possibly making access life 
shorter in some patients  [  104  ] . The group con-
cludes, “…there is a consensus that physical 
examination combined with good clinical judg-
ment is essential to the management of vascular 
accesses  [  116  ] ”. 

 We feel that vascular access monitoring is use-
ful and appropriate based on physical  fi ndings 
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and routinely available dialysis parameters. Each 
dialysis site should have a designated access 
leader/teacher conducting and recording regular 
examinations and evaluations. The responsible 
examiner might be a physician, nurse, physician 
assistant, or dialysis coordinator. Abnormal 
 fi ndings and trends may suggest a  fi stulogram 
with intervention as indicated. Patients can and 
should also be involved and educated about these 
problems. Each dialysis unit should incorporate 
monitoring and decide individually if surveil-
lance works best for their patients while we await 
de fi nitive studies.   

   The Swollen Arm Associated with 
Vascular Access 

   Central and Proximal Venous Stenosis 
and Occlusion 

 Central vein (CV) or proximal venous stenosis 
and complete occlusion are generally associated 
with long-term and/or multiple dialysis catheters 
 [  17  ] . Although patients may be asymptomatic 
with venous out fl ow provided by multiple large 
collateral vessels, elevated vascular access 
out fl ow pressure often causes signi fi cant symp-
toms such as pain and swelling in the affected 
extremity that may extend into the head, neck, 
and chest wall or breast. Speci fi c diagnosis and 
treatment with contrast imaging and angioplasty 
with or without stent placement is often success-
ful; however, these lesions tend to recur  [  118 , 
 119  ] . Access ligation may be necessary in some 
patients, although establishing a new permanent 
access in another extremity for these individuals 
is often dif fi cult. Even  fi nding alternative catheter 
sites may be challenging. Surgical bypass of 
these central venous lesions is a major undertak-
ing, particularly in this group of patients, but has 
been reported in selected patients  [  120–  122  ] . 

 We  fi nd balloon angioplasty to be successful 
in most patients and reserve stenting for those 
individuals with recurrent lesions every 3 months 
or resistant lesions that demonstrate signi fi cant 
elastic recoil after treatment. When stenting is 
necessary, there is accumulating evidence that 

covered stents reduce recurrent stenosis rates 
compared to bare stents. In the study by Anaya-
Ayala, covered stents in the CVs achieved pri-
mary, primary assisted, and secondary patencies 
of 56, 86, and 100 % at 12 months, respectively 
 [  123  ] . For patients with severe symptoms where 
percutaneous angioplasty was not possible, we 
have recently successfully utilized a proximal 
banding procedure developed for access-related 
steal syndrome by Miller     [  124–  126  ] . We found 
both access  fl ow and pressure were decreased in 
the venous out fl ow tract. Short-term outcomes in 
these patients have been excellent with access 
preservation and relief of symptoms. This option 
might be considered prior to major surgical 
bypass operations for individuals where CV 
angioplasty and stenting has failed. In some 
patients, where more conservative options have 
failed, excision of the mature venous conduit and 
translocation to the thigh as an autogenous access 
option may be a better solution than a thigh 
graft.   

   Dialysis Access-Associated Steal 
Syndrome and Cardiac Risk 
Associated with High-Flow 
Permanent Vascular Access 

 The best method of dealing with dialysis-associ-
ated steal syndrome (DASS) is to avoid it when 
possible by minimizing the risk of occurrence. 
Potentially lower in fl ow access options to con-
sider include constructing RC-AVFs or PRA-
AVFs when feasible and limiting the size of the 
anastomosis in relation to the native brachial 
artery diameter when in fl ow is required at that 
site. AVGs carry greater risk of DASS than AVFs 
because of higher initial  fl ow with the former 
 [  127  ] . In addition, peritoneal dialysis might be 
considered for patients at high risk for DASS. 

 As many as 2 % of radial and 9 % of brachial 
artery-based hemodialysis access patients may 
require some form of intervention for DASS 
 [  127  ] . Physical examination plus segmental blood 
pressures, access  fl ow measurements, pulse vol-
ume recordings,  fi nger pressures, digital/brachial 
indices, and pulse oximetry supine and with the 
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limb elevated are important elements of success-
ful evaluation and treatment planning for severely 
symptomatic steal syndrome. DASS remains a 
clinical diagnosis. Symptoms occur at variable 
 fi nger pressures and may develop at higher levels 
in the upper than lower extremity  [  128  ] . 
Arteriography is recommended once the decision 
is made on clinical grounds that invasive treat-
ment is necessary. A complete study from the 
aortic arch to  fi nger tips is desirable to determine 
the optimal procedure. In addition, up to 20 % of 
these patients are found to have a proximal cor-
rectable in fl ow lesion that is treated at the time of 
arteriography. 

 DASS may be associated with a high 
(>1,200 ml/min), moderate (800–1,200 ml/min), 
or low (<800 ml/min)  fl ow vascular access. 
Higher- fl ow AVFs may become a more recog-
nized problem with recent studies demonstrating 
the effects on pulmonary artery pressure and car-
diac output in individuals with permanent vascu-
lar access  [  77  ] . Many reports and references are 
available outlining evaluation and treatment of 
DASS  [  1 ,  2 ,  55 ,  127 ,  129  ] . Patients with mild 
symptoms of numbness but without motor de fi cit, 
constant pain, ulceration, or threatened tissue loss 
may be monitored without intervention. When 
symptoms or physical  fi ndings require interven-
tion, sacri fi ce of the access by ligation or coil 
occlusion may be necessary in critical situations, 
but access-preserving procedures for symptomatic 

patients are recommended. Procedures to main-
tain a functioning access include traditional sur-
gical banding ( fl ow restriction), bypass revision 
to distal arterial in fl ow (RUDI), simple conver-
sion of the anastomosis from brachial to radial 
artery, and more  [  125 ,  130–  132  ] . Banding as a 
 fl ow limiting option was often felt to be unreli-
able in the past, because it was usually done with-
out objective measurement of  fl ow and pressure. 
This situation was greatly improved by Miller 
et al. in his report of a precise banding technique 
using an angioplasty balloon as the banding 
dowel  [  125 ,  126  ] . This simple procedure is often 
accomplished in the angiogram suite. We have 
utilized this technique with success and  fi nd it 
particularly helpful in high access  fl ow situations 
using real-time access  fl ow monitoring with 
ultrasound (Fig.  21.10 ). Access  fl ow volume 
measurements may lead to a discovery of DASS 
with a low- or moderate- fl ow  fi stula caused by 
severe distal peripheral vascular disease with 
high resistance in the arterial bed. Banding may 
not offer a good solution to this problem, and we 
do not recommend it. Distal revascularization 
and interval ligation (DRIL) has been the gold 
standard for treatment of steal syndrome since 
 fi rst described by Schanzer et al. in 1988  [  133  ] . 
However, it has been replaced in our practice 
with in fl ow proximalization  [  95  ] . We use in fl ow 
proximalization for DASS patients with low or 
moderate access  fl ow  fi stula and severe distal 

Banding site

  Fig. 21.10    Completion 
arteriogram after MILLER 
banding using real-time US 
 fl ow monitoring  [  110  ] . The 
angioplasty catheter has been 
de fl ated and advanced into 
the brachial artery for the 
completion contrast injection 
but was centered at the 
banding site as the restricting 
sutures were tied over the 
in fl ated 4-mm angioplasty 
balloon. Distal arterial  fl ow 
was not visualized preband-
ing and is now present       
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vascular disease and in patients with a threatened 
distal extremity. This procedure hemodynami-
cally offers nearly the same bene fi t as DRIL pro-
cedure without ligation of the brachial artery. The 
access is maintained, usually with improved  fl ow 
characteristics. However, in fl ow for the access is 
relocated to the larger and more compliant axil-
lary artery. We  fi nd this combination of precision 
banding for high- fl ow  fi stulas and proximaliza-
tion procedures for severely threatened limbs and 
low- fl ow  fi stulas to allow treatment for essen-
tially all DASS patients without access ligation. 
The surgeon and interventionalist’s collaboration 
and working knowledge of all options offers the 
best opportunity for resolution of the patient’s 
symptoms with the least invasive operative or 
interventional procedure while maximizing the 
likelihood of access salvage. Peritoneal dialysis 
may be an appropriate choice for some patients at 
high risk for steal syndrome. In 2007, the rate of 
ESRD incidence was 20.8 per million population 
for peritoneal dialysis in the United States, while 
the prevalent peritoneal dialysis population 
remained stable  [  15  ] . Peritoneal dialysis may be 
underutilized and offers reliable dialysis with 
signi fi cantly lower cost than hemodialysis 
options. Dr. Jack Work has often described peri-
toneal dialysis access as “the good catheter,” 
bringing attention to this overlooked option for 
CVC reduction  [  134  ] .   

   Vascular Access Aneurysms 

 Vascular access aneurysms are relatively com-
mon and most require no speci fi c therapy other 
than careful selection of cannulation sites. 
Etiologies are most often use of cannulation site 
by inspection (area or cluster puncture), out fl ow 
obstruction, high access  fl ow, and infection. 
These issues should be addressed to limit pro-
gression and at the time of repair. Patients devel-
oping access aneurysms should have a thorough 
physical examination of the access, as outlined 
previously in the chapter, making careful note of 
increased pulsatility downstream to the aneu-
rysm, overlying skin condition, and condition of 
cannulation sites. Areas of skin thinning or 

effacement, ulceration, cellulitis, or a history of 
spontaneous bleeding at cannulation sites require 
urgent surgical evaluation. If the skin over the 
aneurysm is soft and freely movable (elevates 
easily between the examiner’s thumb and index 
 fi nger), there is no imminent danger of bleeding. 
Access  fl ow measurements are helpful in the 
evaluation and treatment planning. These patients 
should be evaluated with a  fi stulogram for possi-
ble cephalic arch or central venous out fl ow 
obstruction and the lesions corrected by angio-
plasty if present. Patients with smaller and stable 
AVF aneurysmal dilations, where skin condition 
is good and adequate soft tissue overlying the 
enlarged venous segment is present, may be 
safely cannulated around of base. Establishing 
buttonhole (same site) cannulation may aid in 
preservation of these  fi stulas. AVG aneurysms 
are uniformly false aneurysms. Repair generally 
involves vascular bypass and decompressing the 
aneurysm with a new graft segment. Debridement 
of the old graft is necessary only if it is infected. 
Even small and stable AVG aneurysms should 
not be used as cannulation sites. Preferred access 
sites should be outlined with a marker and sug-
gested cannulation sites located for the dialysis 
staff. 

 In patients where a large AVF aneurysm has 
developed or if there are changes in skin condi-
tion requiring intervention, we recommend resec-
tion or aneurysmorrhaphy. This may require only 
excision of the anterior wall of the aneurysm(s) 
in an elliptical fashion with a linear closure of the 
vein, closing the soft tissue and skin in separate 
layers. Use of a sterile tourniquet simpli fi es the 
process. We prefer not to place a covered stent in 
a cannulation region. Although controversial, 
stent placement in noncannulation sites for recur-
rent and resistant stenosis, particularly in central 
venous sites, has been successful in access sal-
vage  [  135  ] . However, placing covered stents in 
AVF aneurysms that will eventually or immedi-
ately become cannulation sites introduces a for-
eign body that is now surrounded by a large 
resolving thrombus in the stented aneurysm seg-
ment, placing that region at risk for eventual 
infection. Patients presenting with acute bleed-
ing, where skin condition has deteriorated over-
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lying a false aneurysm, should undergo immediate 
repair, as these sites are at risk for another epi-
sode of hemorrhage. Stenting of these lesions 
should be avoided. With ulceration and recurrent 
skin breakdown associated with repeated cannu-
lation and cellulitis, these sites may be second-
arily infected, placing the new foreign body stent 
at risk. 

 When an aneurysm requires elective surgical 
intervention, the distal (usually cephalic) vein is 
mature and often tortuous. This out fl ow vein may 
be mobilized to gain adequate length for a direct 
end-to-end anastomosis after resection of the 
aneurysm. If ultrasound examination shows 
thrombus in the aneurysm, a partially closed 
straight vascular clamp should be placed obliquely 
on the out fl ow vein before circumferential dis-
section of the aneurysm to avoid pulmonary 
embolism. Injection of local anesthetic or normal 
saline helps to separate the skin from the aneu-
rysm wall, making dissection easier. Small areas 
of scarred and densely adherent skin overlying 
the aneurysm(s) are often left in place during dis-
section and excised during the aneurysmorrhaphy. 
Primarily repairing the mature vein or false aneu-
rysm may be accomplished with continuous vas-
cular suture or utilizing a stapling device, as 
outlined by Pierce et al.  [  136  ] . We have used sta-
plers for aneurysm repair and found it to be satis-
factory although not superior to suture repair. We 
utilize a 10-mm catheter as a dowel with the sta-
pler technique to ensure an adequate lumen is 
maintained as the stapler is applied. The revised 
vein should be placed in a new tunnel if possible, 
rather than the original bed to lessen the risk of 
hematoma around the vein. In order to avoid use 
of a catheter, repair of the entire conduit may be 
staged. Some have recommended placement of a 
Dacron ®  or metal mesh around the reconstructed 
vein to reduce recurrence, but we have not found 
this necessary.  

   Cannulation 

 While surgeons do not generally cannulate the 
vascular access they create, it is still important 
for them to understand what is involved. 

Approximately 300 punctures a year are performed 
on each access with three times a week dialysis. 
The three cannulation techniques in use are the 
rope ladder, site by inspection (area puncture), 
and constant site (buttonhole). Rope ladder had 
been the traditional recommended method. The 
analogy is to a climbing rope with knots placed 
equidistant along its length. The punctures are 
spread equidistant along the cannulation zone. 
This limits the skin and vessel or graft damage in 
any one area to decrease aneurysm formation, 
stenosis, and infection. Site by inspection or area 
(cluster) puncture is discouraged but remains 
relatively common with facility staff because it is 
the easiest to perform. It involves choosing two 
small areas in the cannulation zone and utilizing 
these limited regions exclusively. This method 
leads to a higher incidence of aneurysms, adja-
cent stenosis, infection, and bleeding. The con-
stant site method or buttonhole uses cannulation 
sites repeatedly through the same two to three 
holes with the same angle of entry. A reliable 
pathway is created allowing eventual conversion 
to the noncutting buttonhole needle  [  137  ] . 
Experience has shown the buttonhole technique 
to markedly reduce aneurysm formation and the 
accompanying stenosis. AVFs with very short 
cannulation zones can be used. Training and 
attention to detail, especially as it relates to scab 
management to prevent infection, are critical to 
success with this technique. We recommend 
establishing three buttonhole sites and rotating 
use. Fistula First recommends buttonhole as the 
cannulation method of choice for AVFs. It is not 
recommended for grafts at this time. On average, 
it takes about 2 weeks using a standard sharp 
needle and the same cannulator to establish the 
site. After the site is mature, the dull buttonhole 
needle is used, and other cannulators can do the 
puncture. Simpler techniques to establish a 
mature site are in development. Many patients 
report less pain, although this is not universal. 

 With AVF cannulation, the standard needle 
cuts elastic tissue and smooth muscle with every 
pass through the vessel. The clot that  fi lls the hole 
is eventually replaced by weaker and less  fl exible 
 fi brous tissue. Repeated punctures in close prox-
imity lead to aneurysm development and thinning 
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of overlying skin. Hemodynamic changes brought 
on by the aneurysm may lead to intimal hyperpla-
sia and stenosis  [  138  ] . With grafts, repeated 
punctures in a small area lead to disintegration of 
the anterior wall and phagocytosis of small graft 
fragments and pseudoaneurysm formation. 

 Most units have a standard protocol for using 
a new AVF or graft. Grafts are generally easier to 
cannulate. They have a uniform size and depth. 
Wall edges can be easily felt. Fistulas vary in 
size, depth, course, and wall strength. Fistulas are 
initially cannulated with a 17-gauge arterial draw 
needle and connection to a catheter for venous 
return if present. If not, both 17-gauge needles 
are placed in the AVF at  fi rst use. Over the course 
of 2–3 weeks, pump speed and needle size are 
increased to 300–450 ml/min and 15 gauge, 
respectively. A tourniquet should always be used 
with cannulation to reduce the risk of back wall 
puncture. In fi ltration hematoma not only delays 
use of the access but often leads to  fi stula steno-
sis. Some units have established a rating system 
for staff so that only the most quali fi ed cannula-
tors can start using new  fi stulas. 

 While there is general agreement that grafts 
can be cannulated 2–4 weeks after placement and 
sooner with some grafts designed for earlier 
puncture, there is a wide range for  fi rst  fi stula 
cannulation. Data from the Dialysis Outcomes 
and Practice Patterns Study (DOPPS) showed 
median time in Japan is 25 days, Germany 
42 days, the UK 96 days, and the USA 98 days. 
There was no evidence of decreased long-term 
 fi stula survival as long as cannulation was not 
started <14 days after surgical creation  [  139  ] . 
Brescia et al. reported in 1966 using the distal 
radiocephalic  fi stula the day after it was created 
in their young male patients with chronic glom-
erulonephritis. Recent evidence indicates  fi stula 
blood  fl ow is already >600 ml/min by 2–3 weeks 
in  fi stulas that are going to mature. KDOQI estab-
lished the rule of 6’s for a mature AVF that is 
ready for cannulation. It should have a diameter 
of 6 mm, depth of <6 mm, blood  fl ow of at least 
600 ml/min, and be at least 6 weeks after surgery 
 [  1  ] . Others have reported 95 % maturation rate 
if the diameter was at least 4 mm and the  fl ow 
at least 500 ml/min  [  140  ] . We recommend a 

maturation evaluation by the surgeon at a month 
after  fi stula creation using physical examination 
and usually duplex ultrasound. The best areas for 
puncture are marked on the arm, longitudinal 
ultrasound images of the  fi stula are given to the 
patient for the facility staff, and a digital photo-
graph of the marked extremity may be emailed to 
the facility and placed in the patient’s chart. A 
study of cannulation complications by Van Loon 
et al. in the Netherlands found 51 % of patients 
had a miscannulation during the  fi rst three dialy-
sis sessions  [  141  ] . Ongoing communication 
between facility staff and the surgeon is neces-
sary for optimal outcomes.  

   Percutaneous Techniques for Access 
Maturation and Salvage 

 Our goal for initial AVF cannulation is generally 
4–6 weeks after access construction, because it 
has been shown that  fi stula  fl ow and vein size 
should be adequate by that time  [  142  ] . If the 
access fails to mature in this time period, a 
 fi stulogram is obtained with intervention as indi-
cated. A Dialysis Access Consortium Study 
found that 60 % of  fi stulas in the trial were not 
ready for use by 5 months after creation  [  143  ] . 
However, the intervention rate was very low in 
this study, and the percentage of failed AVFs was 
well above the current national mean  [  144 ,  145  ] . 
Interventional procedures are key aspects of suc-
cessful AVF maturation and maintenance for 
many patients. These less invasive techniques 
have become common, offering both diagnosis 
and treatment for a dysfunctional vascular access. 
A recent study looked at primary balloon angio-
plasty for small-caliber veins with diameter 
<3 mm during surgery and serial balloon angio-
plasty maturation (BAM) of the segment to be 
cannulated using 2–3-mm larger balloons every 
2 weeks to enlarge forearm veins to 8-mm diam-
eter and arm veins to 12–16 mm. Such dilations 
not only speed maturation but may avoid the need 
for super fi cialization. “Overall, 47 of 55 patients 
(85.4 %) obtained a working AVF at the initial 
site, and 53 (96.3 %) received working AVFs. All 
 fi stulas were functioning at 90 days after the  fi nal 
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BAM  [  146  ] .” Other innovative interventional 
procedures include rerouting through a collateral 
vein when the main channel is no longer usable 
or insertion of a percutaneous stent, bridging to 
an adjacent out fl ow vein. Angioplasty rates for 
HD access continue to rise, reaching 0.4 and 0.95 
events per patient year for those with a  fi stula or 
graft, respectively in 2006   . These rates were 2.6 
and 1.9 times greater than in 1998  [  16  ] . 
Radiologists, surgeons, interventional nephrolo-
gists, and interventional cardiologists all perform 
these procedures. Functional AVFs with prob-
lems noted during dialysis monitoring such as 
poor in fl ow, recirculation, prolonged post cannu-
lation bleeding, or high venous pressures require 
evaluation with physical examination, ultrasound, 
and a  fi stulogram. Fluoroscopic imaging with the 
option of balloon angioplasty offers the opportu-
nity for AVF maturation into a functional dialysis 
access and salvage of a dysfunctional or throm-
bosed AVF or AVG  [  1 ,  2 ,  147 ,  148  ] . Individual 
treatment options and technical success are linked 
to multiple factors such as underlying medical 
and vascular disease, in fl ow stenosis, condition 
of the access conduit, out fl ow availability, and 
physician training and skill. As opposed to arte-
rial angioplasty, higher-pressure balloons, some-
times up to 30 atm, may be needed to open 
stenosis in these veins. Vessel recoil 15 min post 
procedure and recurrent intimal hyperplasia 
within 3 months remain unresolved issues. 
Cutting balloons, cryoplasty, lasers, coated stents, 
and other devices as well as medications are 
being studied to determine their utility in this 
area. Techniques for declotting grafts are well 
established with about 90 % initial success rate 
using pharmacomechanical methods. However, 
declotting  fi stulas is more dif fi cult and methods 
are still evolving with initial success rates of 
65–90 % being reported. Thromboaspiration 
through a large sheath is used successfully by 
some physicians. Others use a variety of mechan-
ical wall contact or noncontact devices with or 
without thrombolytic agents. Thrombus burden is 
usually <5 ml in a graft, but very large  fi stulas 
can have 50 ml of clot or more. Use of a down-
stream temporary occlusion balloon or other 
device to prevent pulmonary embolus should be 

considered. Surgical revision is favored by some 
surgeons for those patients with a very large clot 
burden. Consensus for prophylactic use of bal-
loon angioplasty of >50 % stenosis found with 
surveillance and particularly stent deployment 
has not been established  [  116 ,  135  ] . Multiple 
stent devices are available; none have emerged as 
uniquely superior. Stent placement in AVF can-
nulation zones is controversial, and we surgically 
revise these segments if possible. Similarly, stent 
placement electively for an aneurysm in cannula-
tion regions should be avoided if feasible. Stent 
placement within AVGs is less controversial. 
However, the extended life of the graft is modest. 
Placing a stent through an AVG venous out fl ow 
anastomosis uses critical vein length that should 
be reserved in most cases, for a secondary AVF 
construction  [  99  ] . A recent study showed reduced 
recurrent venous anastomotic stenosis with grafts 
when a covered stent was placed in this location 
as opposed to angioplasty alone, achieving a 
6-month treatment area primary patency of 51 % 
and access circuit primary patency of 38 % ver-
sus 23 % and 20 %, respectively, for balloon 
angioplasty alone  [  149  ] . However, another pro-
spective, randomized multicenter clinical trial 
found angioplasty alone achieved a 6-month 
treatment area primary patency of 40.5 % and 
access circuit primary patency of 36.3%  [  150  ] . 
Larger studies are pending. Covered stents placed 
within a recurrent or resistant central venous 
stenosis are being used more frequently as dis-
cussed previously, but larger and longer-term 
studies are needed to de fi ne their role  [  135  ] . The 
proper size of the angioplasty and deployed stent 
are important elements of success. Successful 
access intervention with balloon angioplasty 
using only US imaging and avoiding the use of 
contrast has recently been reported  [  43  ] . 

 Our recommended approach of aggressive 
intervention to achieve prompt AVF maturation 
and to correct any subsequent dysfunction will 
result in early  fi stulograms and balloon angio-
plasty as indicated. This will lead to lower pri-
mary patency rates but higher assisted and 
cumulative (secondary) patency rates. 
Figure  21.11  shows data from a review of over 
900 consecutive AVF vascular access operations 
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by one of the authors (WCJ). No grafts were used 
during this study period. Primary, primary 
assisted, and cumulative (secondary) patency 
were 55.8, 91.3, and 95.2 % at 12 months and 
41.8, 86.6, and 90.6 % at 24 months, respectively 
 [  32  ] . Of the 57 AVFs that failed and were not sal-
vaged, 28 patients later had a successful AVF at 
another site, while others were converted to PD 
or were transplanted, further reducing CVC 
usage.   

   Conclusions 

 The use of ultrasound for both preoperative 
vessel mapping and postoperative manage-
ment has played a key role in increasing the 
number of patients with AVFs, in addition to 
improving access maturation and salvage. 
Options for AVF creation and techniques have 
expanded signi fi cantly. Endovascular tech-
niques to aid maturation and maintenance of 
the vascular access have become established 
as the preferred method of intervention when 
necessary. Research continues into the devel-
opment of better conduit materials, prevention 
of intimal hyperplasia, and many other chal-
lenging areas of hemodialysis access to 
improve patient outcomes. Although not the 
topic of this chapter, peritoneal dialysis is the 

appropriate choice for some patients, espe-
cially if hemodialysis access options are 
poor.      
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 For    over 50 years, the only available oral antico-
agulants for the treatment and prevention of 
thromboembolic diseases have been vitamin K 
antagonists (VKA) such as warfarin. Although 
highly effective, VKAs have many disadvantages: 
they have a narrow therapeutic range with a sub-
sequent need for frequent monitoring, a >10-fold 
interindividual variation in dose–response, and 
numerous interactions with drugs and food  [  1  ] . 
Thus, antithrombotics have been developed, and 
they emerged to circumvent these problems and 
limitations. 

 Recently, three new oral anticoagulants, namely, 
dabigatran, rivaroxaban, and apixaban, have been 
approved for the prevention of venous thromboem-
bolic events. They offer the advantages of having 
stable pharmacokinetic and pharmacodynamic 
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properties: a wide therapeutic window, little 
interindividual variability, and minimal food and 
drug interaction. As a result, they do not require 
monitoring  [  2  ] . 

 This chapter discusses each of these three 
drugs, including their properties and approved 
applications to the surgical  fi eld as well as current 
guidelines and recommendations for their use. 

   Overview 

 Patients undergoing major surgery have a high 
risk of developing postoperative venous throm-
boembolism (VTE). Venous thrombi are intravas-
cular deposits composed of  fi brin and blood cells 
and contain relatively few platelets. They develop 
as a result of alteration in blood  fl ow, vascular 
endothelial injury, and activation of the coagula-
tion pathway. Anticoagulants are the keystone in 
preventing and treating this complication. In hos-
pitalized patients not receiving thromboprophy-
laxis, the absolute risk of developing deep vein 
thrombosis ranges between 15 and 60 % with 
procedures such as orthopedic, general, urologic, 
or gynecologic surgeries  [  3  ] . Several agents have 
been traditionally used for the prevention and 
treatment of VTE in the perioperative period. 
These include unfractionated and low molecular 
weight heparin (LMWH) and fondaparinux, 

given subcutaneously or parenterally, and the oral 
warfarin. These anticoagulants are multi-targeted 
in that they act on several factors of the coagula-
tion cascade  [  4  ] . In contrast, the new oral drugs 
were developed to target single factors critical to 
the coagulation process (see Fig.  22.1 ). They 
block the initiation and propagation of the coagu-
lation cascade or attenuate  fi brin formation by 
impeding prothrombin. Based on the step they 
inhibit, these mono-targeted oral anticoagulants 
can be divided into two categories  [  3  ] : 

   Direct inhibitors of activated factor Xa such as • 
rivaroxaban and apixaban: target the propagation 
of the coagulation cascade as factor Xa at the 
beginning of the common coagulation pathway.  
  Direct thrombin (factor IIa) inhibitors such as • 
dabigatran: inhibit thrombin by binding 
directly to its active site. As a result, they pre-
vent this procoagulant from converting 
 fi brinogen to  fi brin and from activating factors 
V, VIII, XI, and XIII  [  5  ] .     

   Dabigatran Etexilate 

 Dabigatran etexilate is an oral prodrug with 6 % 
bioavailability and is rapidly and completely 
converted by plasma esterases to dabigatran. 
Dabigatran is a concentration-dependent, com-
petitive, selective, reversible direct thrombin 
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  Fig. 22.1    Site of action of the 
new oral anticoagulants       
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inhibitor  [  6  ] . As a direct inhibitor, it does not 
need a cofactor to inhibit thrombin, as opposed to 
indirect inhibitors like heparin that bind to anti-
thrombin before acting on thrombin or factor Xa. 
When thrombin is trapped in clots, it is somewhat 
protected from heparin but accessible to direct 
thrombin inhibitor  [  7  ] . 

 The plasma concentration of dabigatran takes 
about 2 h to reach its peak levels, and it has a 
half-life of 12–17 h after repeated dosing. 
Approximately 35 % of the circulating drug is 
bound to plasma proteins (see Table  22.1 ). 
Elimination is mainly through the kidneys that 

excrete about 80 % of the drug unchanged. 
Studies have shown that moderately severe liver 
dysfunction or Child-Pugh B has little effect on 
the drug pharmacodynamics  [  6  ] .  

 The absorption of dabigatran is reduced with 
decreased gastrointestinal motility and gastric 
acidity. A slower absorption can, therefore, be 
observed with high fat and caloric food, when 
taken concomitantly with proton pump inhibi-
tors, or in the early postoperative period. Known 
drug–drug interactions include interaction with 
P-gp-related drugs such as amiodarone, vera-
pamil, quinidine, and ketoconazole (P-gp inhibi-
tors). The manufacturer advises caution with the 
P-gp inducers rifampin and St. John’s wort as 
they may decrease the maximum concentration 
of the drug  [  7  ]  (see Table  22.2 ).  

 Dabigatran etexilate has been approved in 
many countries for the prevention of VTE after 
total hip or knee replacement surgeries  [  8  ] . It has 
also been approved in the USA and Canada for 
the prevention of strokes or systemic emboli in 
nonvalvular atrial  fi brillation patients  [  7  ] . Dosing 
for VTE prevention is 150 mg or 220 mg once 
daily, to be started 1–4 h postoperatively at half 
the dose once (i.e., 75 or 110 mg) before continu-
ing with the full recommended dosage on day 2 
 [  5,   7  ]  (see Table  22.3 ). The drug is still under 

   Table 22.1    Comparison of the pharmacological properties 
of new oral anticoagulants   

 Dabigatran  Rivaroxaban  Apixaban 

 Target  Thrombin  Factor Xa  Factor Xa 
 Bioavailability  6 %  80 %  50–80 % 
 Tmax (h)  2  2.5–4  1–3 
 Half-life (h)  12–17  6–7  8–15 
 % Protein 
binding 

 35  95  87 

 CYP 
metabolism 

 0  30  15 

 Main 
elimination 

 Renal 
(80 %) 

 Renal 
(60 %), 
fecal (40 %) 

 E!iJliSi.!Y 
and fecal 
(75 %) 

   Table 22.2    Signi fi cant drug–drug interactions with new oral anticoagulants   

 Dabigatran  P-glycoprotein  Inhibitors  Amiodarone 
 Verapamil 
 Quinidine 
 Ketoconazole 

 Inducers  Rifampin 
 St. John’s wort 

 Rivaroxaban  CYP3A4  Inhibitors of both pathways  Azole antimycotics 
 HIV Protease inhibitors 

 P-glycoprotein  Strong CYP3 inhibitors  Clarithromycin 
 Erythromycin 

 Strong CYP3 inducers  Rifampin 
 St. John’s wort 
 Carbamazepine 
 Phenytoin 
 Phenobarbital 

 Apixaban  CYP3A4  Inhibitor  Ketoconazole 
 Ritonavir 
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evaluation for the treatment and secondary 
prevention of venous thromboembolic disease.  

 One of the major advantages of new oral anti-
coagulants is the fact that they do not require 
laboratory monitoring. This stems from the drug’s 
predictable pharmacological pro fi le. Furthermore, 
based on currently available evidence, it seems 
unlikely that routine monitoring using anticoagu-
lant tests provides any clinical bene fi t. 
Nevertheless, they may be of interest in patients 
needing emergent procedures, those who develop 
bleeding or thrombosis while on dabigatran, or in 
cases of overdose. In these instances, a normal 
TCT (thrombin clotting time) rules out the pres-
ence of dabigatran. PT and aPTT are relatively 
insensitive in measuring the anticoagulant effect. 
The most sensitive test seems to be the ECT 
(ecarin clotting time) that shows a linear dose–
response relation to the drug  [  9  ] . Unfortunately, 
this test is not readily available in laboratories. 
However, clinical studies have evaluated  fi xed 
dose of dabigatran and recommend standard 
doses for most patients. Despite little evidence 
available yet, it seems logical to consider lower 
doses in elderly patients especially with impaired 
renal function. The European Medicines Agency 
(EMA) recommends a 220-mg daily dose for 

VTE prophylaxis, to be reduced to 150 mg if 
patients are >75 years of age, have altered kidney 
function (creatinine clearance between 30 and 
50 mL/min), or in those receiving amiodarone or 
verapamil  [  10  ] . 

 The risk of major bleeding in patients receiv-
ing dabigatran is similar to that associated with 
prophylactic enoxaparin. It is reported to range 
between 0.6 and 2 % and is dose-dependent, 
affecting the surgical wound in around 90 % of 
cases  [  11  ] . Unlike ximelagatran, a direct throm-
bin inhibitor that was withdrawn from the market 
due to unacceptable liver toxicity, dabigatran 
intake was not associated with liver dysfunction. 
Aside from bleeding, the major side effect of 
dabigatran was dyspepsia  [  12  ] . 

 There is no suf fi cient data on when to stop the 
drug before an elective procedure although 
extrapolation from the half-life indicates that 
after 24 h of stopping the dabigatran, the plasma 
level drops to 25 %. The new anticoagulant has 
no antidote yet, and the management of life-
threatening bleeding remains empirical. Early 
administration of charcoal possibly decreases its 
absorption. Moreover, studies on animal models 
suggest that administration of factor VIIa or pro-
thrombin complexes may counteract high levels 
of dabigatran. Hemodialysis removes 60 % of the 
drug in 2 h  [  6  ] .  

   Rivaroxaban 

 Rivaroxaban acts as a selective, competitive, and 
reversible direct inhibitor of factor Xa. The small 
molecule can inhibit factor Xa both when the fac-
tor is free or bound to the prothombinase complex 
and clot-associated. Around 95 % of the drug is 
protein bound mostly to albumin in the blood 
 [  13  ] ; it has a bioavailability of 80 % and reaches 
maximal plasma concentration after 2.5–4 h, with 
a half-life of 6–7 h (see Table  22.1 )  [  5  ] . Its elimi-
nation is through the kidneys and feces after 
two-third is metabolized in the liver  [  5,   13  ] . 

 Known drug interactions include azole 
antimycotics, HIV protease inhibitors, clarithro-
mycin, erythromycin (increase the plasma con-
centration of rivaroxaban), as well as rifampin, 

   Table 22.3    Surgical indications and associated dosage 
of new oral anticoagulants   

 Surgical indication  Dosage 

 Dabigatran  Postoperative 
thromboprophy-
laxis in total knee 
or hip arthroplasty 

 Day of surgery:
110 mg (1–4 h 
post-surgery) 
 Following day 
(and ongoing):
220 mg once daily 

 Rivaroxaban  Postoperative 
thromboprophy-
laxis in total hip 
or knee replace-
ment surgery 

 Day of surgery: 
10 mg (6–10 h 
post-surgery) 
 Following day 
(and ongoing): 
10 mg once daily 

 Apixaban  Postoperative 
thromboprophy-
laxis in total knee 
or hip arthroplasty 

 Day of surgery: 
2.5 mg twice daily 
(12–24 h 
post-surgery) 
 Following day 
(and ongoing): 
2.5 mg twice daily 
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phenytoin, carbamazepine, phenobarbital, and St 
John’s wort (decrease its plasma concentration) 
(see Table  22.2 )  [  14  ] . 

 Because of its predictable pharmacologic 
properties, only one dose can be given to all 
patients regardless of age, gender, or body weight. 
Monitoring is neither required routinely nor for 
dose adjustment. There is no laboratory test vali-
dated for the monitoring of rivaroxaban activity. 
Indeed although PT and aPTT show a linear con-
centration-dependent response, they should not 
be used to assess the level of anticoagulation as 
the increase in clotting time varies greatly, 
depending on the thromboplastin reagent used 
for the test  [  15  ] . 

 Rivaroxaban has been approved in many coun-
tries (Canada, USA, and Europe) for pharmaco-
logical prophylaxis against VTE in patients 
undergoing total hip and knee replacement sur-
gery at a dose of 10 mg once daily (see Table  22.3 ) 
 [  5,   7  ] . The regimen is started about 6–10 h post-
operatively. It is not approved for pregnant and 
breast-feeding women, children younger than 
18 years, patients with severe renal insuf fi ciency 
or hepatic disease with coagulopathy, and  fi nally 
in subjects receiving azole antimycotics and HIV 
protease inhibitors. The data collected showed 
that rivaroxaban was more ef fi cient in preventing 
DVT as compared to LMWH (enoxaparin) but 
may cause increased bleeding  [  16  ] . However, the 
safety evidence was of moderate quality, thus 
carrying some level of uncertainty which neces-
sitates long-term follow-up  [  7  ] . 

 Rivaroxaban has not been associated with 
increased risk of bleeding when compared to 
enoxaparin. It should be noted, however, that the 
trials did not take into account bleeding at the 
surgical site when accounting for number of 
bleedings for both rivaroxaban and LMWH  [  7  ] . It 
was not associated with liver toxicity. No anti-
dote is available to antagonize the effect of rivar-
oxaban  [  5  ] . As the drug is highly protein bound, 
dialysis has little role in cases of bleeding or 
overdose. Studies on rats have shown reversal of 
drug effect with high doses of prothrombin con-
centrate complex. In addition, an antidote has 
been recently suggested in the form of an inactive 
recombinant factor Xa with a high af fi nity to 

rivaroxaban. Although experimental results are 
promising, clinical application and availability of 
the antidote are still far from reality  [  7  ] .  

   Apixaban 

 Apixaban is a selective, reversible, direct factor 
Xa inhibitor that binds to the active site of factor 
Xa without the need of antithrombin  [  17–  19  ] . 
Similar to rivaroxaban, it can act on both circulat-
ing factor Xa and to factor Xa when bound within 
the prothrombinase complex as well. Oral bio-
availability ranges between 50 and 80 %  [  5,   18  ] ; 
time to maximal plasma concentration is between 
1 and 3 h  [  2,   5  ]  and the half-life of the drug is 
8–15 h  [  2,   5,   20  ]  (see Table  22.1 ). The drug is 
metabolized by CYP3A4 in the liver and elimi-
nated in the feces (75 %) and by the kidneys 
(25 %)  [  2,   5  ] . Ketoconazole and ritonavir (potent 
inhibitors of CYP3A4) are contraindicated with 
apixaban because they raise its plasma levels (see 
Table  22.2 )  [  21  ] . As mentioned previously with 
other new oral anticoagulants, laboratory moni-
toring is not recommended routinely or for dose 
adjustment  [  3  ] . The drug has minimal effect on 
PT and aPTT  [  2  ] . 

 Apixaban is currently approved by the 
European Commission for the prevention of VTE 
in patients undergoing scheduled hip or knee 
replacement surgeries. It was found to have simi-
lar rate of major and clinically relevant bleeding 
as enoxaparin, against which it was compared in 
clinical trials  [  17,   22  ] . The dose used for throm-
boprophylaxis is 2.5 mg twice daily to be started 
12–24 h after surgery (see Table  22.3 ). Apixaban 
is currently under evaluation for treatment of 
VTE in the Amplify clinical trials  [  19  ] . 

 As apixaban is eliminated mainly through the 
feces and/or biliary tract, it is less likely to accu-
mulate or to require dose adjustment in case of 
renal dysfunction  [  19,   23  ] . In different phase III 
clinical studies, the rate of bleeding ranged from 
less frequent to equal to that observed with enox-
aparin when both were used for thromboprophy-
laxis, thus exhibiting a good safety pro fi le  [  22  ] . 
As with other new oral anticoagulants, there is 
currently no antidote for apixaban.  
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   Guidelines 

 The latest ACCP (American College of Chest 
Physicians) guidelines, published in February 
2012, have included the new oral anticoagulants 
in many of their recommendations. 

   In Orthopedic Surgery 

    One of the following: Apixaban, rivaroxaban, • 
dabigatran, LMWH, fondaparinux, low-dose 
unfractionated heparin (LDUH), VKA, aspi-
rin (all grade 1B), or intermittent pneumatic 
compression device (IPCD) (grade 1C) is rec-
ommended as antithrombotic prophylaxis for 
a duration of 1–14 days in patients undergoing 
total hip replacement (THA) or total knee 
replacement (TKR)  [  24  ] .  
  Among the suggested drugs, it is recom-• 
mended to use LMWH in preference.    
 The reasons ACCP provides for recommend-

ing LMWH over the new oral anticoagulants 
include lack of long-term safety data for all three 
drugs and the possibility of increased bleeding 
with rivaroxaban. 

 In the event patients undergoing major ortho-
pedic surgeries decline or are uncooperative with 
injections or an IPCD, recommendations favor 
the use of apixaban or dabigatran (and if both are 
not available, then rivaroxaban or VKA) rather 
than alternative prophylaxis.  

   In Nonorthopedic Surgery 

    The ACCP does not recommend the use of the • 
new oral anticoagulants in nonorthopedic sur-
gery for the prevention of VTE  [  25  ] .     

   Therapy of VTE Disease 

    In non-oncologic patients with pulmonary • 
embolism or lower extremity DVT, VKA is 
recommended over LMWH for prolonged 
therapy. If VKA therapy is not available, then 
LMWH is preferred over dabigatran and rivar-
oxaban (Grade 2C)  [  26  ] .    

 Note that there is currently only one com-
pleted study respectively for each of dabigatran 
and rivaroxaban assessing their use in the treat-
ment of VTE. Although the results of these stud-
ies showed comparable ef fi cacy and safety to 
VKA, the trials suffer from serious imprecision 
in the outcome measurement and lack of long-
term follow-up  [  27  ] .   

   Keep in Mind 

 Thus far, the results of trials testing the new oral 
anticoagulants have been encouraging from the 
standpoint of ef fi cacy and safety. The advent of 
new blood thinners promises a new era in the pre-
vention and treatment of VTE. Although these 
new drugs provide solutions to many of the old 
anticoagulant problems, it is doubtful they repre-
sent the ideal agent. More studies are needed to 
assess their full potential and, more importantly, 
to address many unanswered questions concern-
ing potential drawbacks. Dabigatran, which is 
renally cleared, does not have a studied, recom-
mended, adjusted dose (see Table  22.4 ). This is 
especially pertinent, given that the vast majority 
of the patients enrolled in the trials while study-
ing the pharmacokinetics and the risk of bleeding 
associated with dabigatran etexilate were middle-
aged subjects with a renal clearance higher than 
50 ml/min. On the other hand, real-life patients 
needing the anticoagulants will include a big pro-
portion of elderly with decreased renal function, 
putting these patients at risk of accumulating the 
drug and increasing the risk of bleeding  [  27  ] . 
Rivaroxaban, also eliminated through the kid-
neys, has not been studied in patients with dam-
aged kidney function and is contraindicated in 
this population, thus limiting its clinical applica-
tion in a big chunk of patients at risk of VTE.  

 Post-marketing studies will provide greatly 
valuable information about the risks of these 
drugs. It is likely that in the outpatient setting, 
subjects will be less compliant, a risk exacerbated 
by dyspepsia in the case of dabigatran. A more 
accurate estimate of the ef fi cacy and safety will 
hopefully be available to us in the near future, 
allowing a more precise comparison with avail-
able anticoagulants. Still more data is needed to 
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address the issue of whether extremes of weights 
and age affect the drug properties. Finally, it is 
particularly important for surgical patients to have 
more information regarding surgical site bleeding. 
Although factor Xa inhibitors (rivaroxaban and 
apixaban) have been approved for thrombopro-
phylaxis in orthopedic surgeries, after trials 
reported bleeding rates were equivalent to those 
associated with LMWH (enoxaparin), it is worth 
noting that the bleeding evaluated in those trials 
did not include surgical site bleeding. Post-
marketing safety issues will hopefully address this 
point and provide us with a more accurate por-
trayal of these drugs’ adverse events and safety.  

   Conclusion 

 Oral direct factor Xa and thrombin inhibitors 
offer many advantages that range from their 
immediate onset of action to their wide thera-
peutic index, few drug interactions, and  fi xed 
dosage with little interindividual variability 
without the need for monitoring. Possible 
shortcomings of these drugs include the risk of 
poor compliance (overdosing or underdosing) 
that is dif fi cult to pick up by a physician as 
routine laboratory monitoring is not needed. 
 Further data is needed to assess the role of 
these new agents in surgery, whether for acute 
illness or general and particularly oncologic 
surgeries where vomiting may affect the opti-
mal absorption and activity of the drugs. 

 Dabigatran, apixaban, and rivaroxaban, with 
their predictable pharmacological pro fi le, have 
a number of promising features. However, their 
full therapeutic potential as well as their draw-
backs need further assessment and are likely to 
grow clearer as the results of many studies cur-
rently under trial become available to us.      
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 pharmacomechanical thrombolysis   

( see  Pharmacomechanical thrombolysis) 
 PTS , 261  
 standard anticoagulation therapy , 261  
 standard therapy , 264–265  
 thrombolytic therapy , 265–266  
 thrombus removal , 261    

  E 
  EKOS ultrasound-accelerated thrombolysis 

system , 267, 269   
  Embolic protection devices (EPDs) 

 description , 168  
 distal balloon occlusion , 168  
  fi lters , 168  
 inherent risks and complications , 168  
 proximal protection devices , 168   

  Endarterectomy  vs . stenting in patients with symptomatic 
severe carotid stenosis (EVA-3S) trials , 170   

  Endoleak, endovascular repair 
 description , 61–62  
 diagnosis and surveillance 

 CTA , 64, 65  
 initial injection , 65  

 internal iliac arteries , 64–65  
 landing zone , 64  
 measure, blood pressure , 66  
 MRI , 65  
 noncontrast images , 65  
 post-endograft placement , 65  
 techniques , 65  

 endograft placement , 61  
 etiology , 62  
 treatment 

 type I , 66  
 type II   ( see  Type II endoleak treatment) 
 type III, IV and V , 69  

 type I , 62  
 type II , 62–64  
 type IIIA and B , 64  
 type IV , 64  
 type V , 64   

  Endovascular aortic aneurysm repair (EVAR) 
 AAA 

 devices , 44  
 EVAR  vs . open AAA repair , 4  
 percutaneous   ( see  Percutaneous EVAR (PEVAR)) 

 advanced techniques 
 hostile aortic neck , 9–10  
 iliac artery access , 9, 10  
 iliac artery aneurysms , 10–11  

 classi fi cation, stent grafts , 6  
 FDA   ( see  Food and drug administration 

(FDA)-approved EVAR devices) 
 graft material , 6  
 next-generation 

 anaconda graft , 7–8  
 aor fi x , 8  
 description , 7  
 Endurant and TriVascular ovation , 8–9  
 prototypes improvements , 7, 8   

  Endovascular cryotherapy (cryoplasty) , 225–226   
  Endovascular pelvic devascularization 

 anatomic criteria , 54–55  
 clinical outcomes , 57–58  
 description , 50  
 external-internal iliac artery stenting 

 description , 50  
 femoral crossover bypass , 50, 51  
 femoral crossover graft , 51  
 transbrachial approach , 51  
 treatment, bilateral common iliac artery 

stump aneurysms , 50, 52  
 Gore Excluder, double aortic bifurcated stent 

grafts , 51, 53  
 IBDs   ( see  Iliac bifurcation devices (IBDs)) 
 iliac sandwich/parallel stent grafts , 51, 53  
 modi fi cation, internal iliac artery branched 

stent graft , 58  
 technique 

 aortic bifurcation, BB-IBD , 55  
 balloon-expandable stent grafts , 55, 57  
 “buddy” catheter and wire , 55–56  
 contralateral femoral access , 55  
 deployment , 57  
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 femoral punctures , 55, 56  
 matting stent graft , 57  
 self-expanding stent graft , 57  
 S-IBD placement , 55, 56  
 wire removal , 57   

  Endovascular popliteal aneurysm technique 
 accurate mapping , 160  
 clopidogrel , 160  
 completion angiogram , 160  
 deployment method , 159  
 Hemobahn endoprosthesis , 159  
 IVUS , 159–160  
 overlapping stents , 160  
 percutaneous access , 159  
 stent grafts , 159  
 Viabahn device   ( see  Viabahn stent grafts)  

  Endovascular treatment, PAA 
 advantages and disadvantages , 157–158  
 applicability , 158–159  
 durability , 159  
 mortality , 158  
  vs . open surgery , 155–156  
 patient selection , 158  
 stent graft types , 157  
 technique , 159–161   

  End-stage renal disease (ESRD) 
 children and adolescents , 310  
 medicare costs , 303  
 older patients , 310   

  EPDs  .  See  Embolic protection devices (EPDs)  
  ESRD  .  See  End-stage renal disease (ESRD)  
  EVAR  .  See  Endovascular aortic aneurysm 

repair (EVAR)  
  EVAR techniques 

 hostile aortic neck 
 3D DynaCT imaging , 10, 11  
 excluder , 10  
 graft positioning , 9, 10  

 iliac artery access , 9, 10  
 iliac artery aneurysms , 10, 11   

  Expanded polytetra fl uoroethylene (ePTFE) graft 
 biologic graft , 315  
 placement , 313–314  
 standard ePTFE outcomes , 315  
 synthetic grafts , 316    

  F 
  Femoropopliteal endovascular interventions  . 

 See  Peripheral arterial disease (PAD)  
  Fibromuscular dysplasia (FMD) 

 approach , 194  
 arterial   ( see  Arterial) 
 completion studies , 195  
 diagnostic , 195  
 distal protection devices , 195  
 epidemiology , 193  
 indications , 193  
 intervention , 195, 196–198  
 mortality and morbidity , 193–194  
 parenchymal , 199–200  

 postoperative care , 195  
 preoperative , 194   

  Flared iliac stent graft limbs 
 bell-bottom technique , 48–49  
 commercial availability device , 49  
 sizes and indications , 48, 49   

  FMD  .  See  Fibromuscular dysplasia (FMD)  
  FMD techniques 

 approach , 194  
 completion studies , 195  
 diagnostic , 195  
 distal protection devices , 195  
 intervention , 195  
 postoperative care , 195  
 preoperative , 194   

  Food and drug administration (FDA)-approved 
EVAR devices 

 aneuryx , 6  
 characteristics , 6  
 excluder graft , 6–7  
 MRI , 7  
 talent stent graft , 6  
 unibody bifurcated grafts , 6  
 zenith  fl ex , 7    

  G 
  Graft, HD vascular access 

 biologic grafts , 315  
 complications , 315  
 converting arteriovenous grafts , 314, 315  
 ePTFE graft   ( see  Expanded polytetra fl uoroethylene 

(ePTFE) graft) 
 Hemodialysis Reliable Out fl ow (HeRO ® ) , 316  
 monitoring and surveillance , 318  
 placement , 313–314  
 polyether urethane urea graft , 316  
 Sparks’ mandrels , 314, 315    

  H 
  HALS  .  See  Hand-assisted laparoscopic surgery (HALS)  
  Hand-assisted laparoscopic surgery (HALS) 

 clamp times , 148  
 description , 146–147  
 outcomes, aortoiliac disease , 148, 149   

  Helical branch iliac bifurcation devices (H-IBD) , 52–53   
  Hemodialysis (HD) vascular access, AVF 

 aneurysms , 321–322  
 antecubital AVF , 305–307, 313  
 auscultation , 317–318  
 BAM , 323–324  
 cannulation , 322–323  
 children and adolescents , 310–311  
 CVC-based HD access , 302  
 CV stenosis and occlusion , 319  
 DASS , 319–321  
 ESRD , 303  
 extending vein length , 311  
 graft con fi gurations , 313–314  
 inspection , 317  
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 Hemodialysis (HD) vascular access, AVF ( cont. ) 
 lipectomy technique , 311, 312  
 mature vein conduits, AVF , 311, 313  
 medicare costs , 302–303  
 monitoring , 316–317  
 mortality rates , 301–302  
 obesity , 311  
 older patients , 310  
 palpation , 317  
 patency, AVF , 324, 325  
 prevalence , 302  
 RC-AVF , 304–305  
 serum C-reactive protein , 302  
 steal syndrome , 313  
 surveillance , 318–319  
 transposition AVF , 308–310  
 US vessel mapping , 303–304   

  H-IBD  .  See  Helical branch iliac bifurcation 
devices (H-IBD)  

  Hybrid procedures , 209–210   
  Hybrid repair 

 aortic arch aneurysm , 102  
 aortic arch debranching 

 ascending aorta inspection , 84, 85  
 B aortic dissection , 84  
 clinical outcomes , 85–86  
 conduit , 86  
 coronary bypass graft , 83–84  
 cross-clamping and EUROSTAR data , 83  
 extra-anatomic bypass grafting , 84  
 extrathoracic procedures , 84  
 left carotid transposition , 84  
 LSA revascularization , 83  
 physiologic monitoring , 85  
 precautionary measures , 84  
 traditional open reconstruction , 83  

 description , 81  
 renovisceral vessels debranching 

 clinical outcomes , 82–83  
 technique , 81–82   

  Hyperhidrosis 
 cause , 290  
 description , 290  
 idiopathic , 290  
 medical management , 290  
 palmar , 290, 292–293  
 plantar , 290–291  
 sympathectomy , 290, 292    

  I 
  IBDs  .  See  Iliac bifurcation devices (IBDs)  
  ICSS trial  .  See  International Carotid Stenting Study 

(ICSS) trial  
  Idiopathic hyperhidrosis , 290   
  Iliac artery access techniques , 9, 10   
  Iliac artery aneurysms techniques , 10, 11   
  Iliac bifurcation devices (IBDs) 

 balloon-and self-expandable stent graft , 52  
 bifurcated-bifurcated (BB-IBD) , 53–54  

 design stent graft con fi guration , 52  
 S-IBD and H-IBD , 52–53  
 ZBIS , 52   

  Iliac sandwich/parallel stent grafts , 51, 53   
  Iliac vein obstruction syndrome, venous disease , 

247–249   
  Iliac veins 

 acute , 266  
 EKOS system , 271  
 iliac artery , 270  
 May-Thurner syndrome , 256–257, 271  
 Trellis system , 271   

  IMA  .  See  Inferior mesenteric artery (IMA)  
  Inferior mesenteric artery (IMA) 

 arterial perfusion , 178  
 collateral arterial  fl ow , 178  
 occlusion , 180   

  Inferior vena cava  fi lters (IVCF) 
 guidelines , 275–276  
 prophylactic use , 276  
 retrievable (rIVCF)   ( see  Retrievable inferior vena 

cava  fi lters (rIVCF))  
  Infrarenal aortic aneurysms 

 AAA   ( see  Abdominal aortic aneurysms (AAA)) 
 EVAR   ( see  Endovascular aortic aneurysm repair 

(EVAR))  
  Innominate artery grafts 

 involvement , 104, 105  
 non-involvement , 104   

  Internal iliac artery bypass 
 endovascular pelvic revascularization   

( see  Endovascular pelvic devascularization) 
 femoral puncture , 50  
 parachute technique , 50  
 retroperitoneal approach , 50  
 techniques, open surgical revascularization , 

49–50  
 time consuming , 50   

  International Carotid Stenting Study (ICSS) trial , 
170–171   

  International registry of acute aortic dissection (IRAD) , 
124–125   

  Intraluminal recanalization 
 ASAHI Tornus specialty catheter , 221  
 Avinger Wildcat-W500 support catheter , 221  
 conventional catheter-guidewire techniques , 222  
 CTO , 220  
 designs , 221  
 excimer laser , 222–223  
 4-French hydrophilic catheter , 221  
 rough “snow plow”-like technique , 221  
 treatment modalities , 220   

  Intravascular ultrasound (IVUS) 
 aortic dissection , 116  
 endovascular popliteal aneurysm 

technique , 159–160   
  Investigation of stent grafts in aortic dissection 

(INSTEAD) , 126   
  IVCF  .  See  Inferior vena cava  fi lters (IVCF)  
  IVUS  .  See  Intravascular ultrasound (IVUS)   
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  J 
  Juxtarenal aneurysm  .  See  Suprarenal and juxtarenal 

AAA   

  K 
  Krusen-Caldwell technique , 294    

  L 
  Laparoscopic aortic surgery 

 availability and affordability , 149–150  
 description , 146  
 endovascular therapies , 146  
 HALS , 146–147  
 inclusion comprised reporting , 148  
 techniques , 146   

  Laser ablation 
 perforators , 250  
 and radiofrequency , 244, 245, 249  
 stripping , 246   

  Laser angioplasty 
 LACI multicenter trial , 229  
 prototype excimer laser device , 229  
 PTA , 228   

  Lipectomy technique, HD vascular access , 311, 312    

  M 
  Malperfusion mechanisms and type B aortic dissection 

 bowel ischemia male , 122, 123  
 dynamic occlusion , 120  
 high pressure false lumen , 120, 121  
 lower limb ischemia , 120, 122  
 mortality and morbidity , 119  
 open surgery treatment , 123  
 post stent graft deployment , 120, 121  
 pure static type , 123–124  
 sent graft , 124  
 static and dynamic occlusion , 120, 122  
 static occlusion , 119–120  
 stroke and paraplegia , 124  
 surgery and medical therapy , 124  
 visceral ischemia , 124   

  Mesenteric arterial circulation 
 anatomic origins , 178  
 clinical manifestation , 178–179  
 collateral  fl ow , 178  
 gastrointestinal system , 178  
 regulation , 178   

  Mesenteric artery occlusive disease 
 arterial circulation , 178–180  
 CA compression syndrome , 185  
 cause , 177  
 clinical presentation , 179–180  
 diagnostic studies , 180–181  
 endovascular management , 185–186  
 endovascular treatment strategies , 183–185  
 gastrointestinal system , 178  
 incidence , 177  

 ischemia   ( see  Mesenteric ischemia) 
 open surgical treatment , 181–183   

  Mesenteric ischemia 
 acute   ( see  Acute mesenteric ischemia) 
 chronic   ( see  Chronic mesenteric ischemia) 
 clinical manifestation , 178–179  
 clinical presentation , 179–180  
 differential diagnosis , 180  
 nonocclusive   ( see  Nonocclusive mesenteric ischemia) 
 prevalence , 178  
 visceral vessels , 177–178   

  Minimally invasive surgery 
 laparoscopy   ( see  Laparoscopic aortic surgery) 
 management , 145–146  
 surgical robotics   ( see  Robotic aortic surgery)  

  Mortality and morbidity 
 FMD 

 anatomic , 193, 194  
 complications , 193  
 functional , 194  

 RAS 
 anatomic , 190  
 functional , 190–191  
 nephrectomy , 190  
 periprocedural complication rates , 190   

  Multilayer stent, TEVAR application , 92–93    

  N 
  NIDDM  .  See  Non-insulin-dependent diabetes 

mellitus (NIDDM)  
  Non-insulin-dependent diabetes mellitus (NIDDM) , 200   
  Nonocclusive mesenteric ischemia 

 characterization , 179  
 clinical presentation , 179–180  
 endovascular treatment , 185  
 mesenteric arteriography , 181  
 open surgical treatment , 182–183    

  O 
  Open surgery, PAA , 155–156   
  Oral anticoagulants 

 ACCP guidelines , 336  
 advantages , 331–332  
 apixaban , 335  
 coagulation process , 332  
 dabigatran etexilate , 332–334  
 factors , 336, 337  
 mono-targeted , 332  
 post-marketing studies , 336–337  
 rivaroxaban , 334–335    

  P 
  PAA  .  See  Popliteal artery aneurysm (PAA)  
  Palmar hyperhidrosis , 290   
  Parenchymal 

 dysfunction , 199–200  
 injuries , 199   
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  PE  .  See  Pulmonary embolism (PE)  
  Pelvic devascularization 

 “bell-bottom” technique , 47  
 endovascular   ( see  Endovascular pelvic 

devascularization) 
 EVAR , 47  
 internal iliac artery bypass   ( see  Internal iliac 

artery bypass) 
 scope , 47  
 short and long-term ef fi cacy , 47   

  Percutaneous balloon angioplasty (PTA) , 205–207   
  Percutaneous EVAR (PEVAR) 

 complications , 11  
 delivery systems , 11  
 endograft repair, AAA , 11  
 outcomes , 12  
 “pre-close” technique , 12  
 prostar device deployment , 12  
 ultrasound-guided puncture , 11   

  Percutaneous intentional extraluminal 
recanalization (PIER) 

 arterial wall , 220  
 CLI, patients , 219–220  
 endarterectomy , 219  
 lumen reentry , 219  
 steps , 218–219  
 subintimal recanalization , 218   

  Percutaneous intervention 
 atherosclerotic renal artery stenosis , 192  
 renal artery  fi bromuscular dysplasia , 194   

  Percutaneous mechanical thrombectomy , 266   
  Percutaneous transluminal angioplasty (PTA) 

 clinical indications, intervention , 223  
 multicenter STAR registry , 223  
 newer paradigm , 224  
 “resistant” stenosis , 225  
 SFA , 224–225  
 standard surgical bypasses , 223–224   

  Percutaneous transluminal renal angioplasty (PTRA) 
 patients, renal artery FMD , 193  
 symptomatic renal disease , 191   

  Perforator veins 
 foam and liquid sclerotherapy , 250  
 PAPS , 249  
 post-ablation , 249, 250  
 radiofrequency , 249–250  
 role , 249  
 treatment , 250–251   

  Peripheral arterial disease (PAD) 
 anatomic considerations , 215  
 atherectomy   ( see  Atherectomy) 
 balloon angioplasty techniques   ( see  Balloon 

angioplasty techniques) 
 CTO , 217–218  
 endovascular therapy , 214  
 intraluminal recanalization   ( see  Intraluminal 

recanalization) 
 laser angioplasty   ( see  Laser angioplasty) 
 patient selection and clinical indications , 215  
 peri-and postprocedural medical therapy , 234–235  

 PIER   ( see  Percutaneous intentional extraluminal 
recanalization (PIER)) 

 planning , 215–216  
 POBA   ( see  Plain old balloon angioplasty (POBA)) 
 prevalence and clinical manifestation , 214–215  
 stenotic lesion, traversal , 217  
 true lumen reentry devices , 220  
 vascular stents, SFA   ( see  Vascular stents) 
 vessel and device sizing , 216–217   

  Pharmacomechanical thrombolysis 
 AngioJet ®  Rheolytic Thrombectomy System , 

267, 268–269  
 CDT , 266–267  
 EKOS EndoWave ®  , 267, 269  
 Trellis-8 ®  , 267   

  PIER  .  See  Percutaneous intentional extraluminal 
recanalization (PIER)  

  Plain old balloon angioplasty (POBA) 
 clinical indications, intervention , 223  
 multicenter STAR registry , 223  
 PTA   ( see  Percutaneous transluminal angioplasty 

(PTA)) 
 “resistant” stenosis , 225  
 SFA , 224–225  
 standard surgical bypasses , 223–224   

  Plain x-ray 
 aortic dissection (AD) , 113  
 emerging endovascular techniques , 113   

  Pneumothorax , 292, 298   
  Polytetra fl uoroethylene (PTFE) graft 

 ePTFE   ( see  Expanded polytetra fl uoroethylene 
(ePTFE) graft) 

 interventions , 315   
  Popliteal artery aneurysm (PAA) 

 artery diameter , 153  
 blue toe syndrome , 154–155  
 characteristics and treatment , 155  
 compressive symptoms , 154  
 CT scan, arteries , 156  
 3-D CT scan, artery segments , 156, 157  
 description , 154  
 endovascular treatment   ( see  Endovascular 

treatment, PAA) 
 factors, aneurysm formation , 154  
 incidence rate , 153–154  
 knee  fl exion , 154  
 open  vs . endovascular surgery , 155–156  
 segments , 154  
 stent fracture and stenosis , 161  
 turbulent blood  fl ow , 154  
 ultrasound , 156   

  Postthrombotic syndrome (PTS) 
 acute DVT, goals , 261  
 complications, DVT , 257–258  
 incidence , 261   

  PTA  .  See  Percutaneous balloon angioplasty (PTA)  
  PTFE  .  See  Polytetra fl uoroethylene (PTFE)  
  PTFE graft  .  See  Polytetra fl uoroethylene 

(PTFE) graft  
  PTS  .  See  Postthrombotic syndrome (PTS)  
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  Pulmonary embolism (PE) 
 acute DVT, goals , 261  
 complications, DVT , 257  
 risk factors , 256    

  R 
  Radiocephalic AVF (RC-AVF) , 304–305   
  RAS  .  See  Renal artery stenosis (RAS)  
  RC-AVF  .  See  Radiocephalic AVF (RC-AVF)  
  Renal angioplasty 

 percutaneous transluminal , 193  
 restenosis , 191   

  Renal artery  fi bromuscular dysplasia , 194   
  Renal artery stenosis (RAS) 

 epidemiology , 189–190  
 EVAR , 191, 193  
 indications , 190  
 mortality and morbidity , 190–191, 192  
 recurrent disease , 191  
 solitary kidney , 191   

  Renal artery stenting 
 brachial access , 198  
 fracture , 199  
 guidewire technique , 196, 197   

  Retrievable inferior vena cava  fi lters (rIVCF) 
 ALN  fi lter , 277  
 balloon-assisted snare , 280, 282  
 bariatric surgery , 278  
 CDT, DVT , 278–279  
 Celect , 277  
 dual wire technique , 280–282  
 Eclipse , 277  
  fi lter retrieval , 280, 281  
 fracture/retained fracture strut , 284  
 inadvertent arterial puncture/initial access 

complications , 282  
 misplacement , 282  
 modi fi ed techniques , 281, 283  
 occlusion , 282, 284  
 OptEase , 276–277  
 Option  fi lter , 277  
 orthopedic surgery , 278  
 placement , 279–280  
 pregnancy , 279  
 properties , 276  
 trauma patients , 277–278   

  Rib resection 
 arterial , 294–295  
 cervical spine nerve impingement , 293  
 chest radiographs , 293  
 combined thrombolysis , 298  
 conservative management , 295  
 indications, surgery , 295  
 Krusen-Caldwell technique , 294  
 long-term pain complaints , 298  
 maneuvers , 293–294  
 neurologic signs and symptoms , 293  
 pneumothorax , 298  
 provocative test , 293  

 somatosensory evoked potentials (SSEPs) , 294  
 supraclavicular surgical approach , 296–297  
 surgical anatomy , 295–296  
 thoracoscopy , 298  
 Tinel’s sign , 294  
 transaxillary approach , 297  
 venous , 294   

  Rivaroxaban 
 description , 334  
 drug interactions , 334–335  
 monitoring , 335  
 pharmacological prophylaxis , 334, 335  
 plasma concentration , 333, 334  
 risk of bleeding , 335   

  rIVCF  .  See  Retrievable inferior vena cava 
 fi lters (rIVCF)  

  Robotic aortic surgery 
 applications , 147  
 and laparoscopy   ( see  Robotic-assisted 

laparoscopic surgery) 
 systems , 147   

  Robotic-assisted laparoscopic surgery 
 clamp times , 148, 150  
 da Vinci Surgical System , 147–148  
 investigational device exemption (IDE) trial , 148  
 “minilaparotomy” incision , 150  
 operative times , 148  
 procedures , 148   

  Ruptured AAA, EVAR 
 adjunctive procedures , 135–136  
 AJAX trial , 138  
 Albany Vascular Group standardized 

protocol , 131  
 anesthesia and approach , 133  
 aortic occlusion balloon , 133–134  
 availability, preoperative CT scan , 132–133  
 bifurcated  vs . AUI stent grafts , 134–135  
 endovascular  vs . open surgical repair , 138  
  fl oppy guidewire , 132  
 fundamentals , 130  
 hemodynamic instability , 130  
 “hypotensive hemostasis” , 132  
 “marker  fl ush catheter” , 132  
 mortality and long-term survival , 137–138  
 multidisciplinary approach , 130  
 open surgical conversion , 137  
 operating room (OR) setup , 131–132  
 procedure and technical aspects , 132  
 standardized approach , 130–131, 138–139  
 super-stiff wire , 132   

  Ruptured TAA, TEVAR 
 aortic occlusion balloons , 141  
 CSF drainage , 140  
 CTA, SMA , 140, 141  
 30-day mortality , 140  
 delivery sheaths , 141  
 imaging , 140  
 incidence , 139–140  
 limitations , 139  
 stent grafts , 139    
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  S 
  S-IBD  .  See  Straight side-arm iliac bifurcation 

devices (S-IBD)  
  Single Operator, Single Center, Renal Stent 

Retrospective Study (SOCRATES) , 191   
  SMA  .  See  Superior mesenteric artery (SMA)  
  Sm-FBSG  .  See  Surgeon-modi fi ed fenestrated 

and branched stent grafts (Sm-FBSG)  
  SOCRATES  .  See  Single Operator, Single Center, Renal 

Stent Retrospective Study (SOCRATES)  
  Spinal cord ischemia (SCI) , 94   
  Stent grafts , 207–209   
  Stenting and Angioplasty with Protection in Patients 

at High Risk for Endarterectomy 
(SAPPHIRE) trial , 170   

  Stent-Protected Angioplasty  versus  Carotid 
Endarterectomy (SPACE) trial , 170   

  Stents  .  See  Vascular stents  
  Straight side-arm iliac bifurcation devices (S-IBD) , 

52–53   
  Super fi cial femoral artery (SFA) 

 CTOs , 217–218  
 PTA , 231  
 SIROCCO phase I , 231  
 vascular stents 

 challenge , 229  
 importance , 229–230  
 stenting , 229  
 TASC-grade lesions , 229  
 “vessel-prep” techniques , 230   

  Superior mesenteric artery (SMA) 
 acute thrombosis , 179  
 anatomic origins , 178  
 collateral network , 178  
 “meniscus sign” , 181  
 occlusion , 180  
 percutaneous angioplasty , 185  
 surgical treatment , 181–182  
 systolic velocity , 180  
 transaortic endarterectomy , 182   

  Suprarenal and juxtarenal AAA 
 de fi nitions , 20  
 devices approval , 20  
 endovascular technology , 20  
 exclusion , 19  
 fenestrated devices , 20  
 hybrid procedures , 20  
 indications , 20–21  
 initial reports , 20  
 morbidity and mortality , 19  
 outcomes , 23  
 surgical , 19–20  
 techniques 

 “bail out” maneuvers , 22  
 CT , 21  
 debranching procedure , 22  
 device design , 21  
 fenestrated/branched repair , 21  
 fenestrations graft , 21  
 graft implantation , 21, 22  

 “hybrid” method , 23  
 radiopaque markers and wire , 22  
 stent grafts , 21–22   

  Surgeon-modi fi ed fenestrated and branched stent 
grafts (Sm-FBSG) 

 acute care , 29  
 adjunctive materials , 31  
 algorithm, device type , 31  
 aortic aneurysm, complex   ( see  Complex 

aneurysms, Sm-FBSG) 
 CT , 34  
 customized endografts , 28  
 design , 32  
 elements , 29  
 ethical/legal implications , 44  
 EVAR , 26  
 extracted wire , 35  
 fenestrations and longitudinal radiopaque 

marker , 32, 33  
 indications 

 CAA management , 27  
 characterization , 26  
 COPD , 26  
 limitations , 26  
 medical conditions, open surgery , 26–27  
 threshold size , 27  

 infrarenal AAA , 25–26  
 juxta-and pararenal aneurysms , 26  
 lower perioperative morbidity and mortality , 29  
 medtronic endurant device , 30  
 outcomes 

 data reports , 41–42  
 endografts implantation , 44  
 in-hospital death , 43  
 reintervention , 44  
 stroke, artery dissection, and renal 

failure , 42–43  
 visceral vessels , 44  

 parallel graft technique , 34  
 polypropylene suture , 35–36  
 preoperative planning and measurements , 31–32  
 procedure 

 catheterization and marking, visceral branches , 
36–37  

 femoral approach , 36  
 injection , 36  
 removal, wires and sheaths , 37–38  
 stent graft deployment 

and fenestrations , 37–38  
 procedure and drawback , 33–34  
 radiopaque and preventing wires , 34–35  
 restrictions , 29–30  
 scallops and fenestrations utilizing 

techniques , 29  
 standardized stent graft , 28–29  
 TAAA , 26  
 thoracic Zenith TX2 , 30  
 trigger-wire release mechanism , 35  
 umbilical tape , 36, 37  
 value , 29   
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  Surgeon-modi fi ed hypogastric branched stent 
graft , 41, 42   

  Surgeon-modi fi ed iliac branch stent graft 
 aneurysmal degeneration , 38  
 atherosclerotic disease , 38–39  
 buttock claudication , 39  
 endovascular approach , 39  
 iliac limb device 

 Dacron conduit , 41  
 4F Kumpe catheter placement , 39–41  
 longitudinal marker , 41  

 open surgical revascularization, hypogastric 
artery , 39   

  Sympathectomy  .  See  Thoracoscopic sympathectomy   

  T 
  TASC  .  See  Transatlantic intersocietal commission 

(TASC)  
  TEVAR  .  See  Thoracic endovascular aortic repair 

(TEVAR)  
  TEVAR application 

 branched and fenestrated endograft   ( see  Branched 
and fenestrated endograft, TEVAR) 

 chimney/snorkel technique   ( see  Chimney/Snorkel 
Technique) 

 hybrid repair 
 aortic arch debranching , 83–86  
 renovisceral vessels debranching , 81–83  

 multilayer stent , 92–93  
 TTAI , 93–94   

  Thoracic aneurysms 
 aortic arch , 101–102  
 ascending aortic 

 involvement , 104, 105  
 non involvement , 104  

 clinical outcomes 
 aneurysm and dissection , 107, 108  
 death rates , 108  
 hybrid TAAA and arch repairs , 106–107  
 mortality rate , 107–108  

 de fi nition , 101  
 hybrid procedures , 102  
 innominate artery   ( see  Innominate artery grafts) 
 minimally invasive hybrid repair , 105–106  
 prognosis , 101  
 prototype branched aortic endograft , 108  
 techniques 

 “branchless” section , 103  
 endografts , 103  
 ishimaru arch map , 102–103  
 necks/landing zones , 102  
 retrograde approach , 104   

  Thoracic aortic transections, TEVAR 
 bleeding , 141  
 CSF drainage , 141–142  
 description , 141  
 guidelines , 141  
 management , 142  
 mortality , 141   

  Thoracic endovascular aortic repair (TEVAR) 
 anatomy , 73  
 aneurysmal degeneration , 71  
 aortic transections , 141–142  
 CIN , 73–74  
 Crawford classi fi cation scheme , 72  
 CTA , 73  
 etiology , 71–72  
 indications , 73, 129  
 open repair , 73  
 pathophysiology , 72–73  
 preoperative hemodialysis , 73–74  
 ruptured TAA   ( see  Ruptured TAA, 

TEVAR) 
 techniques 

 anastomosis, Dacron graft , 74  
 arch revascularization , 75  
 chimney/snorkel grafts , 75  
 device sheath placement , 74  
 endograft repair , 75–76  
 hybrid debranching , 76  
 ishimaru classi fi cation, proximal landing zone , 

74–75  
 operative , 76–78  
 proximal landing zone classi fi cation, ishimaru , 

74–75  
 retroperitoneal access , 74  
 SCI and paraplegia , 74  
 subclavian bypass , 76  

 TEVAR application   ( see  TEVAR application)  
  Thoracoscopic sympathectomy 

 circumferential dissection , 291  
 compensatory sweating , 292  
 double-lumen endotracheal intubation , 291  
 gustatory sweating , 292  
 idiopathic hyperhidrosis , 290  
 indications , 290–291, 292–293  
 medical management , 290  
 morbidity , 292  
 outcomes, techniques , 291, 292  
 palmar hyperhidrosis , 290  
 pneumothorax , 292  
 port placement , 291  
 surgical anatomy , 291  
 surgical management , 290   

  Thrombectomy 
 AngioJet® Rheolytic System , 267  
 aspiration   ( see  Aspiration thrombectomy) 
 CDT , 261, 262–263  
 endovenous , 261  
 percutaneous mechanical , 266   

  Thrombolysis 
 CDT   ( see  Catheter-directed thrombolysis 

(CDT)) 
 patients , 261  
 pharmacomechanical   ( see  Pharmacomechanical 

thrombolysis)  
  Tinel’s sign , 294   
  Transatlantic intersocietal commission (TASC) , 

205, 207, 208, 210   
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  Transposition AVF 
 brachial vein transpositions , 309  
 endoscopic mobilization , 308  
 great saphenous vein (GSV) , 309–310  
 super fi cialization/elevation procedures , 309  
 US examination , 308   

  Traumatic thoracic aortic injury (TTAI) , 93–94   
  Trellis peripheral infusion system , 267, 269   
  TTAI  .  See  Traumatic thoracic aortic injury (TTAI)  
  Type II endoleak treatment 

 angiography , 67  
 A and B , 67  
 CT guidance and translumbar approach , 68  
 embolization , 68  
 expanding residual aneurysm sac , 66–67  
 injection and microcatheter , 67  
 laparoscopic clipping , 69  
 risk, ischemic colitis , 67    

  U 
  Ultrasound (US) vessel mapping 

 AVF cannulation , 304  
 contrast , 304  
 description , 303  
 preoperative venography , 304  
 vasodilatation , 303  
 venous and arterial imaging , 303   

  Uncomplicated type B aortic dissection 
 demographics and morphology , 126  
 dilation , 126  
 endovascular , 126  
 false lumen thrombosis , 126, 127  
 INSTEAD trial , 126  
 spinal cord ischemia , 127    

  V 
  Varicose vein , 246   
  Vascular stents 

 bare metal nitinol stents , 230–232  
 biodegradable stents , 234  
 drug-eluting stents , 233  
 SFA   ( see  Super fi cial femoral artery (SFA)) 
 stent grafts , 232–233   

  Vein thrombosis 
 acute femoral , 266  
 calf and proximal , 259  
 DVT   ( see  Deep vein thrombosis (DVT)) 

 risk factors, DVT/PE , 256  
 Wells score , 260   

  Venous 
 DVT   ( see  Deep vein thrombosis (DVT)) 
 VTE   ( see  Venous thromboembolism (VTE))  

  Venous disease 
 CVI , 243–244  
 endoluminal vein treatments , 244  
 iliac vein obstruction syndrome , 247–249  
 perforator veins   ( see  Perforator veins) 
 radiofrequency and laser ablation , 245  
 sclerotherapy , 245–246  
 super fi cial veins , 244–245  
 super fi cial venous treatments , 246–247  
 tumescent anesthesia , 244  
 ultrasound imaging , 244   

  Venous thromboembolism (VTE) 
 annual incidence rates , 255  
 bariatric patient , 278  
 CDT , 278  
 description , 332  
 oral anticoagulants   ( see  Oral anticoagulants) 
 orthopedic patients , 278  
 pregnant women , 279  
 prophylactic indications , 276  
 standard therapy, DVT , 264–265  
 trauma patients , 277  
 treatment , 264  
 warfarin , 331, 332   

  Vessel 
 and device sizing , 216–217  
 patent runoff , 223  
 “vessel-prep” techniques , 230  
 wall , 226   

  Viabahn stent grafts 
 availability , 159  
 Gore Viabahn graft , 157  
 and Hemobahn stent , 157, 158  
 nitinol stent , 159  
 oversizing , 160  
 undersizing , 160–161   

  Vitamin K antagonists (VKA) 
 disadvantages , 331  
 in orthopedic surgery, guidelines , 336   

  VTE  .  See  Venous thromboembolism (VTE)   

  Z 
  Zenith bifurcated iliac side (ZBIS) branch device , 52          
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