
Series Editor: Daniel Tarsy
Current Clinical Neurology

Randall C. Edgell   Editor
Sean I. Savitz
John D. Dal� no    Associate Editors 

Neurointervention 
in the Medical 
Specialties
A Comprehensive Guide



  More information about this series at   http://www.springer.com/series/7630      

        Current Clinical Neurology       

http://www.springer.com/series/7630


 Series Introduction 

 Neurointervention in the Medical Specialties provides a remarkably detailed and 
comprehensive review of the state of the art in this very innovative and burgeoning 
fi eld. As stated by the editors, neurointervention is a coming together of the fi elds of 
neurology, neurosurgery, and neuroradiology which, in a relatively short period of 
time, has greatly expanded therapeutic options for a number of previously untreatable 
conditions. More than a manual concerning vascular neurointerventions of one type 
or another, it also covers important areas of interest to other medical and surgical 
subspecialties such as preoperative tumor embolization, interventional approaches to 
ophthalmological and otolaryngological disorders, the role of Wada testing in 
epilepsy surgery, the role of neurointervention in Cushing’s Syndrome, and even the 
potential future for catheter delivery of stem cell therapy. The opening chapter 
concerning “the neurointerventional tool kit” sets the stage for the very specifi c and 
highly useful information which characterizes all of the chapters in this volume. 
Ample numbers of illustrative fi gures and case discussions are provided which 
greatly enhance the delivery of this material. This is a highly useful and down to earth 
overview of the fi eld which will be of great interest to all practitioners in the fi eld.  
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   Foreword   

 Neurointervention was developed over 30 years ago to deal with a specifi c clinical 
challenge: intraoperative hemorrhage associated with intracerebral arteriovenous 
malformations. Improvised techniques were developed to deal with this clinical 
challenge, and eventually elegant solutions were obtained. Shortly thereafter the 
second great clinical challenge was met and elegantly overcome: treatment of intra-
cerebral aneurysms. 

 Now, several decades later,  neurointervention  is still an evolving clinical fi eld 
overlapping several other specialties. The discipline, however, is still incompletely 
understood in the medical world. Neurointerventional procedures rarely exist in a 
vacuum and are intrinsically related to preexisting specialties. Many medical pro-
fessionals in these other arenas are unaware of possible ancillary procedures or 
therapeutic solutions that this new specialty now offers that can aid them and their 
patients. Further, management or treatment of various disorders is typically assessed 
from a singular viewpoint, and neurointervention offers a unique and new 
perspective. 

 Neurointervention and the medical specialties outlines the scope of this new fi eld 
with particular attention to the interdisciplinary overlap. Attention is paid to actual 
clinical conditions and possible solutions offered by neurointervention. In this way, 
light is shed on the symbiosis between various specialties and neurointervention 
with the goal of facilitating interdisciplinary collaboration for the benefi t of patients. 
Many procedures might be obvious or commonplace among some of the various 
neurological and head/neck specialties, while others might be unknown. In addition 
to delineating these multiple solutions to numerous clinical situations and resulting 
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diagnostic and therapeutic problems, the authors give in-depth description of the 
procedures themselves. 

 In a quarter of a century of practicing in this arena, I still meet people, including 
physicians, who have never heard of our profession. Neurointervention has much to 
offer and this book will be enlightening.  

        JOHN J. (BUDDY) CONNORS, MD
Professor and Director; 

Interventional Neuroradiology; 
Dept of Radiology

Professor of Neurology
Professor of Neurosurgery

Vanderbilt University Medical Center
Nashville, TN 37203        

Foreword
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  Preface: Neurointerventi on—An Evolving 
Specialty   

 The fi eld of neurointervention is in many ways a microcosm of the many trends 
shaping modern medicine. It is a point of convergence among several traditionally 
distinct fi elds: neurology, neurosurgery, and radiology. The “giants” upon whose 
shoulders the fi eld has been built include Portuguese neurologist Egas Moniz, who 
fi rst introduced cerebral angiography in 1927; Swedish radiologist Sven-Ivar 
Seldinger, who enhanced the safety of vascular access and navigation in 1953; and 
Russian neurosurgeon Fedor Serbinenko, who invented one of the fi rst therapeutic 
neurointerventional techniques in 1969. The knowledge base and perspective of 
each fi eld have resulted in a subspecialty that is able to provide highly complex, 
multidimensional patient care. 

 Technological advances have served as a constant and powerful driving force 
within neurointervention. The introduction of detachable coils, liquid embolic 
materials, intracranial stents, and stroke thrombectomy devices has all occurred 
within the last two decades. Indeed, the rate of innovation seems to increase with 
each passing year. This relentless creativity opens windows of therapeutic opportu-
nity but also presents challenges for both neurointerventional practitioners and 
referring physicians. The pace of innovation has outstripped our ability to rigor-
ously test emerging devices and treatment paradigms. There have been some disap-
pointments when randomized clinical trial data has caught up with a promising new 
treatment, but this process of creative destruction also has led to great leaps forward 
in therapeutic safety and effi cacy. 

 As this fast moving fi eld grows, it is important for practitioners of neurointerven-
tion to understand their role in the profession as a whole. Where can we be most 
useful to our medical colleagues and patients? This book serves as a bridge between 
the neurointerventionalist and the physicians who most frequently look to us for 
answers to some of the most intractable problems they face. It provides background 
on the diseases treated through neurointervention along with the indications and 
alternatives to such treatments. 

 The book is grouped into four parts: an introduction to the tools and anatomical 
structures that are integral to the fi eld; disease processes most often encountered by 
neurologists, cardiologists, and vascular surgeons; those more frequently treated by 
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neurosurgeons; and fi nally those fi rst seen by several other specialties including 
ophthalmologists and head and neck surgeons. 

 Importantly, each chapter includes details of neurointerventional techniques and 
case discussions that are suffi ciently granular to provide a treatment template and 
guidance to the neurointerventionalist in training and practice. At the same time 
these descriptions will provide the referring physician with insight into how neuro-
interventional procedures are performed. Finally, there are several chapters at the 
end of the text that attempt to look into the crystal ball of neurointervention at what 
new opportunities await us just over the horizon.  

  St. Louis, MO, USA     Randall     C.     Edgell    

Preface: Neurointervention—An Evolving Specialty
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    Chapter 1   
 The Neurointerventional Toolkit 

             Paula     Eboli      ,     Doniel     Drazin      , and     Michael     J.     Alexander     

        P.   Eboli ,  M.D.      (*) •    D.   Drazin ,  M.D., M.A.      •    M.  J.   Alexander ,  M.D.      
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 Los Angeles ,  CA   90048 ,  USA   
 e-mail: paula.eboli@cshs.org; ddrazin@gmail.com; michael.alexander@cshs.org  

           Introduction 

 Neurointerventional procedures employ the use of various specialized products and 
devices. This chapter presents an overview of the contrast agents, catheters, coils, 
liquid and particulate embolic materials, stents, clot retrievers, and closure devices 
commonly used by neurointerventionalists. An understanding of the basic differ-
ences in the uses and actions of these products is intended to assist providers in 
choosing from the many options.  

   Contrast Agents 

   Nonionic Contrast Agents 

 Iohexol, trade name Omnipaque, is currently the most widely used contrast media 
for neurointerventional procedures. Iohexol is a low-osmolality contrast agent avail-
able in various concentrations ranging from 140 to 350 milligrams of iodine per 
milliliter. Iohexol is safer and less allergenic than ionic preparations. Patients with 
normal renal function can tolerate as much as 5–8 cm 3 /kg of contrast for the dura-
tion of the interventional procedure for a maximum of 400–800 cm 3  [ 1 ]. Patients 
with impaired renal function should have reduced contrast load and periprocedural 
precautions taken to reduce the risk of contrast-induced nephropathy.   

mailto: paula.eboli@cshs.org
mailto: ddrazin@gmail.com
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   Femoral Artery Sheath Types 

 Smaller access 4- and 5-French catheters and sheaths are used in diagnostic 
cerebral angiography (4 French in children). For interventional procedures, larger 
catheters are used, which therefore require a larger femoral sheath, usually 5 French 
to 9 French [ 2 ] (Fig.  1.1 ). A longer sheath is needed for cases of signifi cant ilio-
femoral artery tortuosity to facilitate catheter navigation. Similarly, in interven-
tional cases with signifi cant vascular tortuosity, in which more support is necessary, 
a long sheath (80–90 cm) can be placed distally into the carotid or vertebral artery, 
and then a guiding catheter or intermediate catheter is coaxially inserted to create a 
“triaxial” support system. Once a sheath is inserted into the groin, it is usually con-
tinuously fl ushed during the procedure with a solution of 2,000 U heparin in 500 ml 
of normal saline [ 3 ]. Other common sheath lengths include the 35 cm bright-tip 
sheath.

  Fig. 1.1    6F femoral sheath       

 

P. Eboli et al.



3

      Wires and Catheters 

   Diagnostic Cerebral Angiography 

 Diagnostic catheters are usually advanced over a hydrophilic wire. The wire acts as 
a guide to prevent the catheter tip from damaging vessel walls and/or causing a 
dissection. 

 Hydrophilic wires vary from soft and fl exible to slightly stiffer. Selection of the 
wire for a procedure depends on how much wire support is needed to navigate the 
catheter. With stiffer catheters, there is a greater risk of vessel dissection [ 1 ]. Arterial 
dissections are an uncommon complication with prevalence reported in the litera-
ture at around 0.4 % [ 4 ]. 

 Typically, a 5-French standard catheter is used for cerebral angiography 
(4 French in children). Catheters should have good torque control, be soft and non-
traumatic, be radiopaque, and have a smooth surface to prevent thrombus formation. 
A standard angled catheter is the workhorse of most diagnostic cases. However, in 
cases of tortuous anatomy, more complex-shaped catheters can be used such as 
Simmons II shaped, Headhunter, or Mikaelsson [ 5 ].  

   Guide Catheter and Microcatheters 

 For intracranial aneurysm embolization procedures, a large-lumen 6-French guide 
catheter (Fig.  1.2 ) or long 6-French sheath is typically used. Once the guide catheter 
is in position, a microcatheter is advanced under road-mapping guidance over a 

  Fig. 1.2    6F Envoy guide catheter. Credit: DePuy Companies, used with permission       
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micro-guidewire into the aneurysm. Subsequently, coils are advanced and detached 
inside the aneurysm [ 6 ]. In tortuous anatomy, a long sheath may be used, in coordi-
nation with a guide catheter or an intermediate distal access catheter, and a micro-
catheter. This system is termed a triaxial system.

   Microcatheters can be hydrophilic or nonhydrophilic, but only hydrophilic 
microcatheters are recommended since they are proven to be less thrombogenic [ 7 ]. 
Microcatheters come in different sizes, and in general, the smallest catheter for the 
desirable coils should be used [ 1 ] (Fig.  1.3 ). The inner diameter of the microcatheter 
may range in size for coil delivery from 0.015 to 0.025 in., so close attention must 
be paid to coil size compatibility during aneurysm embolization.

       Coils 

  Platinum coils  for the treatment of brain aneurysms were introduced in the 1990s as 
an alternative to surgical clipping [ 8 ]. Platinum coils consist of a platinum thread 
looped around a thicker platinum wire. Once deployed inside the aneurysm, they 
regain their original shape and are subsequently detached from the wire by a low 
current (Fig.  1.4 ) or other mechanism.

  Fig. 1.3    Excelsior ®  SL-10 ®  microcatheter. Credit: Stryker, used with permission       
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   Coils can be “fi lling,” “framing,” or “fi nishing.” They have different diameters, 
stiffness profi le, and geometry that infl uence their stability within the aneurysm [ 9 ]. 

  Framing coils  are three-dimensionally designed coils to frame the circumference 
of the aneurysm, while  fi lling coils  pack the aneurysm once it has been framed. 
 Finishing coils , on the other hand, are soft coils designed for fi nal packing of the 
aneurysm and neck [ 1 ]. 

 Achieving an adequate packing density of the coils within the aneurysm is one of 
the most important factors in avoiding aneurysm recanalization [ 10 ]. Recanalization 
and coil compaction are determined by many factors; however, notably, smaller and 
softer coils generally have a higher risk for coil compaction. 

 An effort to minimize recanalization led to the introduction of  bioactive coils.  
Bioactive coils consist of platinum coils with adjunctive polymers that have the 
properties affecting the thrombosis, infl ammation, and healing processes within the 
aneurysm [ 11 ]. Theoretically, bioactive coils are expected to produce a more promi-
nent healing response within the aneurysm and therefore result in less recanaliza-
tion. Longer follow-up, however, is needed for validation [ 11 ]. 

 Recently, a randomized trial showed no angiographic difference between 
Cerecyte coils and bare platinum coils [ 12 ].  

  Fig. 1.4    Low-current detachment system. Credit: Boston Scientifi c, used with permission       
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   Liquid Embolic Materials 

 Liquid embolic material is mainly used for embolization of cerebral or spinal arte-
riovenous malformations (AVMs) and pial or dural arteriovenous fi stulas (AVFs). It 
is used less frequently for cerebral aneurysms. Most of these materials are supplied 
in a liquid state and delivered using microcatheters. Currently, there are few liquid 
embolic agents commercially available. 

 Ethylene-vinyl alcohol copolymer (Onyx) is supplied by the manufacturer in a 
liquid form dissolved in an organic solvent, dimethyl sulfoxide (DMSO), with tan-
talum powder added for radiopacity. Onyx is nonadhesive and has an even fl ow 
pattern. When Onyx contacts blood, the DMSO rapidly diffuses causing precipita-
tion and solidifi cation of the polymer [ 13 ]. The solidifi cation occurs more slowly 
than cyanoacrylates, and it usually does not adhere to the walls of the microcatheter, 
thereby allowing a slower injection and better AVM nidus and/or fi stula penetration 
[ 13 ]. Refl ux of the Onyx around the distal microcatheter, however, is often encoun-
tered the longer the injection of the copolymer, which can make the microcatheter 
diffi cult to retrieve. 

  Cyanoacrylate  ( n -BCA TRUFILL) is an acrylic agent that polymerizes when it 
contacts blood or saline solutions. Due to its strong adhesive characteristics, it is 
possible to cause adhesion between the tip of the microcatheter and the vessel or 
glue cast [ 14 ]. The polymerization rate can be adjusted by varying the concentration 
of the monomer in Ethiodol or by adding glacial acetic acid to the mixture.  

   Particulate Embolics 

 Polyvinyl alcohol particles are small solid particles of various sizes which are radio-
lucent and need to be mixed with contrast material to make them radiopaque. 
Particles are commonly used for permanent small-vessel occlusion. They produce 
occlusion by thrombus formation, and when the particles are too large, they can clog 
the microcatheter. Particles can be carried out by fl ow; this means that fl ow can take 
them to the lesion or may cause them to land more distally than intended. For this 
reason, particles are not effective for high-fl ow fi stulas. Embospheres (BioSphere 
Medical, Rockland, MA) of various sizes may also be used for deliberate small- 
vessel occlusions in AVMs, tumors, and epistaxis.  

   Stents 

  Stent - assisted coiling  is used in the setting of a wide-neck aneurysm. Stent-assisted 
coiling requires the use of dual antiplatelet therapy, and therefore, they are generally 
used for unruptured cases. Their use in the setting of subarachnoid hemorrhage 
(SAH) has been described as a viable option in the literature but still remains 
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controversial [ 15 ]. Stents or vascular remodeling devices designed for aneurysm 
treatment are self-expandable nitinol meshes of thin-strut density deployed across 
the neck aneurysm and followed by coil packing of the aneurysm [ 16 ]. They provide 
more stability to the coil mass by holding it in place, and theoretically, they reduce 
the possibility of recanalization [ 16 ]. Early complications include thromboembo-
lism, and, in a late setting, stent stenosis and occlusion of the parent vessel can rarely 
occur [ 17 ] (Fig.  1.5 ). These come in open-cell and closed-cell designs. The open-
cell design has somewhat more vessel conformity in small vessels, on a turn, and 
allows for a Y-stent confi guration. The closed-cell design has somewhat more pro-
tection from the stent herniating into aneurysm or coils herniating through the stent.

    Flow diverters  are self-expandable, fl exible stent-like devices with a dense mesh 
that once expanded, covers a large surface area. Flow diverters are mainly used for 
the treatment of wide-neck, fusiform, large, and giant aneurysms and are typically 
constructed of nitinol and cobalt chromium. They are designed to offer aneurysm 
occlusion due to fl ow disruption, and for large and giant side-wall aneurysms, the 
preliminary angiographic results have been superior to coil embolization alone [ 17 , 
 18 ]. This occlusion is delayed following treatment, based on the size and location of 
the aneurysm. With this device, most patients demonstrate very good long-term 
angiographic results [ 17 ]. The potential complications reported have been embolic 
events, stent thrombosis, delayed aneurysm rupture, and in-stent stenosis [ 17 ,  19 ]. 

  Cervical carotid stenting  is a 4-stage procedure for reestablishing luminal diam-
eter in high-grade carotid atherosclerotic disease. Following access and placement 
of a 6-French sheath in the common carotid artery, an embolic protection device is 
inserted across the stenosis. The insertion is followed by an angioplasty procedure 
performed to the stenotic area of the vessel to permit the advancement of the stent. 
The third stage is insertion of the stent. Once the stent is deployed, it should be fol-
lowed by a second angioplasty procedure to fully expand the stent [ 1 ].  

   Mechanical Clot Retrievers 

 Mechanical clot retrievers are used as an alternative or in combination with pharma-
cological thrombolytic agents in the setting of acute ischemic stroke. This is a prom-
ising treatment, especially in patients ineligible to receive or nonresponders to the 

  Fig. 1.5    Neuroform ®  stent system. Credit: Stryker, used with permission       
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use of intravenous tPA [ 20 ]. There are currently a few devices available commer-
cially, and they can be categorized according to their mode of action into two main 
groups, aspiration vs. retrieval devices. 

  Aspiration devices  use a proximal approach and act by applying a vacuum force 
to the proximal aspect of the thrombus. These systems use (1) a microcatheter which 
is attached to a power aspiration pump and (2) an additional soft wire with a 
teardrop- shape tip to separate the clot. The tip of the wire is inserted through the 
microcatheter to physically break up the clot and prevent it from becoming occluded. 
A major advantage of these devices is that they work at the proximal edge of the 
clot, and therefore, there is no need to distally pass the thrombus. They are effective 
with soft or intermediate clot but have more diffi culty with fi rm fi brinous clots. 

  Retrieval devices,  on the other hand, consist of a microcatheter containing a 
retrieval device which is passed distal to the thrombus. The microcatheter is then 
retracted, and the retrieval device is either a wire that adopts a coil or basket-like 
shape which ensnares the clot as it is unsheathed or a stent-like device that traps the 
clot within its struts and removes it from the vessel [ 20 ]. The use of a balloon cath-
eter in association with this technique can reduce the risk of losing the clot during 
retrieval to embolized to otherwise unaffected vessels. 

  Stent retrievers  are mainly used in acute ischemic stroke as thrombectomy 
devices to promote higher recanalization rates. Different studies have shown that 
patients with acute ischemic stroke treated with stent retrievers had better revascu-
larization rates and clinical outcomes with lower complications when compared to 
those treated with the Merci retriever device [ 21 ]. 

 Trevo (Concentric Medical, Mountain View, California) and Solitaire (eV3, 
Irvine, California) are examples of available stent retrievers in the United States. 
Trevo is a stent-like device designed to integrate the clot into its structure, allowing 
to retract both the device and clot from the blood vessel. The Solitaire is a self- 
expanding stent that can be fully deployed and/or completely retrieved if it has not 
been detached [ 22 ]. In 2012, Mendaca et al. published their results comparing both 
devices, and their study showed no signifi cant differences between them [ 22 ].  

   Closure Devices 

 Percutaneous femoral artery closure devices are commonly used to close the punc-
tured artery in the groin after endovascular cases. These closure devices allow 
patients to ambulate sooner than when standard compression techniques are used. 
Two of these products are Perclose (Abbott Vascular, Redwood City, CA) and 
Angio-Seal (St. Jude Medical, St. Paul, MN). 

  Perclose  places a prolene stitch, which is placed in the arteriotomy site percuta-
neously (Fig.  1.6 ). There are 6-French and 8-French varieties.

    Angio-Seal  places a mechanical seal, produced by a bioabsorbable anchor and a 
collagen sponge, which dissolves within 60–90 days. With this device, the same 
artery can be re-punctured [ 1 ].     
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           Arterial Supply of the Head and Neck 

   The Aortic Arch 

 The three main branches of the aortic arch are the brachiocephalic artery, the left 
common carotid artery (CCA), and the left subclavian artery (LSCA). The best 
angiographic visualization of the origins of the great vessels is obtained from an 
LAO position at an angle between 20 and 30° [ 1 ] (Fig.  2.1 ). There is signifi cant 
variation in the anatomy of these vessels, and the usual order is only seen in about 
two-thirds of patients. The most commonly seen anatomic variant is a “bovine arch” 
(Fig.  2.2 ) in which there is a shared origin of the brachiocephalic and LCCA. Other 
variants that are seen include the LCCA arising from the brachiocephalic artery, the 
LCCA and LSCA sharing a common trunk, and the LVA originating directly from 
the arch. There are also several anomalies of the arch. The most common among 
these is the left aortic arch with an aberrant RSCA. Some of these anomalies may 
cause symptoms by forming a compressive vascular ring [ 2 ].
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  Fig. 2.1    Left anterior oblique projection of the standard aortic arch confi guration       

  Fig. 2.2    Left anterior oblique projection of the bovine aortic arch variant       
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       The External Carotid Artery 

 The external carotid artery (ECA) originates from the bifurcation of the common 
carotid artery at about the C4 vertebral level (Fig.  2.3a, b ). It lies anteromedial to the 
internal carotid artery and then courses posterolaterally. Multiple angiographic pro-
jections may be required to view the ECA and its branches well.

   The ECA has eight branches (Fig.  2.4 ):

     1.    The superior thyroid artery—usually the fi rst ECA branch, it supplies the larynx 
and superior aspect of the thyroid gland.   

   2.    Ascending pharyngeal artery [ 3 ]—it is the fi rst posterior branch and supplies the 
pharynx and middle ear.   

   3.    Lingual artery—supplies the tongue and the oral cavity and anastomoses with 
other ECA branches.   

   4.    Facial artery—supplies the face and courses superolaterally to terminate near the 
medial canthus where it forms the angular artery. In about 26 % of cases, it may 
terminate in the lateral nasal (or alar) branch [ 4 ].   

   5.    Occipital artery—courses posterosuperiorly to supply the scalp and posterior 
aspect of the neck. It may anastomose with the vertebral artery or on occasion, 
may arise directly from it.   

   6.    Posterior auricular artery—small branch that supplies the scalp and the pinna.   
   7.    Superfi cial temporal artery—it is one of the terminal ECA branches and supplies 

the scalp.   
   8.    Internal maxillary artery—it is the larger of the two terminal branches of the 

ECA and supplies the nose. It can further be subdivided into three segments. The 
mandibular segment is where the largest branch of the IMA, the middle 

  Fig. 2.3    External carotid artery in the anteroposterior ( a ) and lateral ( b ) projections       

 

2 Neurovascular Anatomy



14

 meningeal artery, originates. The pterygoid segment gives rise to the deep 
 temporal arteries. The pterygopalatine segment is the terminal segment and sup-
plies the nose through the sphenopalatine artery. It also gives rise to the infraor-
bital artery that supplies the lower eyelid and parts of the cheek and nose. The 
greater palatine artery also arises from this segment and supplies the soft palate 
and palatine tonsils [ 5 ].    

     External Carotid: Internal Carotid Anastomoses 

     1.    The ascending pharyngeal artery anastomoses with the ICA through the infero-
lateral trunk, the Vidian artery, and the caroticotympanic artery.   

   2.    Facial artery anastomoses with the ophthalmic artery through branches of the 
angular artery near the medial canthus (Fig.  2.5 ).

       3.    The stylomastoid branch of the posterior auricular artery anastomoses with the 
caroticotympanic branch of the internal carotid artery.   

   4.    The internal maxillary artery (IMAX) is an important source of potential collat-
eral fl ow between the ECA and ICA. It may anastomose with the petrous ICA 
through the Vidian artery, the cavernous ICA through the artery of the foramen 
rotundum, and the supraclinoid ICA through the ophthalmic artery. These are 
important channels that need to be kept in mind to prevent ischemic  complications 

  Fig. 2.4    Lateral projection images of the external carotid artery branches       
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during head and neck embolization procedures. The middle meningeal artery 
may anastomose with branches from the cavernous segment of the ICA and can 
be an important source of collateral fl ow in carotid bulb atherosclerosis.   

   5.    The STA anastomoses with the ICA via the ophthalmic artery via the supratroch-
lear artery [ 6 ,  7 ].      

   The Internal Carotid Artery 

 There are various classifi cation systems of the segments of the ICA. One widely 
adopted system proposed by Bouthillier [ 8 ] is utilized in this chapter. This system 
divides the ICA into the following seven segments. 

   C1: Cervical ICA 

 The ICA usually originates from the CCA at C3–4 level. This segment has two dis-
tinct parts:

 –    The carotid bulb—a dilated segment with a complex fl ow dynamic, this is a 
 frequent site for the development of atherosclerotic disease.  

 –   The ascending cervical segment—from the bulb it courses upward within the 
carotid space.    

  Fig. 2.5    Lateral projection images demonstrating the anastomotic connection between the angular 
branch of the facial artery and the ophthalmic artery       
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 There are no named branches that arise from the cervical segment. There can be 
considerable variation in the level of the carotid bifurcation. A medial origin of the 
ICA is common and may require an oblique projection to view the bifurcation 
clearly. Tortuosity and looping of the ICA are also visualized frequently and may 
present technical challenges to endovascular procedures. 

 Anomalies of the cervical ICA are uncommon with a congenital absence of the 
ICA being an extremely rare example. An absent or hypoplastic bony carotid canal 
on CT scan can present a clue to distinguish a developmentally hypoplastic ICA 
rather than an occlusion of a normally developed vessel [ 9 ]. Two important anasto-
motic channels that can originate from the cervical ICA are the persistent hypoglos-
sal artery, which may connect it to the basilar artery, and the proatlantal intersegmental 
artery, which could anastomose with the vertebral artery.  

   C2: Petrous ICA 

 The petrous ICA has a vertical subsegment, a genu, and a horizontal subsegment. It 
may give off two small branches. The fi rst of these is the Vidian artery (artery of the 
pterygoid canal) that more often arises from the ECA. As described in the previous 
section, it is an important anastomotic connection between the ICA and the IMAX, 
a branch of the ECA. The second is the caroticotympanic artery that supplies the 
middle ear cavity and may anastomose with the inferior tympanic artery, a branch 
of the APA. 

 Anomalies of the petrous ICA are rare but of clinical importance. An aberrant 
ICA may rarely be seen and can present as a retrotympanic pulsatile mass or can be 
found incidentally where signifi cant bleeding from ear surgery may be encountered 
(see Chap.   16    ). The artery may also be mistaken for a middle ear tumor. A persistent 
otic artery is another anastomotic connection between the ICA and the basilar artery, 
which is extremely rare [ 10 ].  

   C3: Lacerum ICA 

 This segment begins at the end of the petrous carotid canal, courses above the fora-
men lacerum, and ends at the petrolingual ligament. Usually, it has no branches, 
although rarely the Vidian artery may originate from the C2–C3 segment junction.  

   C4: Cavernous ICA 

 The cavernous ICA begins at the petrolingual ligament and ends as it leaves the 
cavernous sinus through the dural ring. It is the most medial structure in the cavern-
ous sinus, and the CN III, IV, and V1 and V2 run lateral to it, whereas CN VI runs 
inferolaterally. It is visualized well on a lateral view where it can be seen to have a 
posterior genu, a horizontal segment, and an anterior genu. This segment gives off 
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three branches. The posterior trunk or the meningohypophyseal trunk (MHT) arises 
from the posterior genu and is often seen on angiography. Its branches include the 
inferior hypophyseal artery which supplies the pituitary gland, the marginal tento-
rial artery (MTA) which supplies the tentorium, and the clival branches to the clivus. 
The MTA, also known as the artery of Bernasconi–Cassinari, is sometimes involved 
in the pathologic supply of arteriovenous malformations or tumors, typically associ-
ated with tentorial meningiomas [ 11 ]. The lateral trunk or the inferolateral trunk 
(ILT) supplies the CN III, IV, and VI and dura of the cavernous sinus. It anastomo-
ses with branches of the internal maxillary artery and the middle meningeal artery. 
In addition to these the cavernous ICA also gives off small capsular branches, which 
supply the pituitary gland. Anatomical variants of the cavernous ICA include 
increased tortuosity in this segment and paramedian ICAs. The latter, also known as 
“kissing” ICAs, occurs when the two ICAs course medially through the sella tur-
cica. An important anomalous connection is a persistent trigeminal artery, which is 
the most common carotid–basilar anastomosis [ 12 ]. It arises from the posterior 
genu and is associated with increased prevalence of other vascular anomalies and 
aneurysms. The posterior genu is also often the site of direct carotid–cavernous 
fi stulae formation [ 13 ].  

   C5: Clinoid ICA 

 This is the shortest ICA segment and lies between the proximal and distal dural ring, 
making it an interdural structure. It has no named branches but may give off small 
capsular arteries. Rarely, the ophthalmic artery may arise from this segment.  

   C6: Ophthalmic ICA 

 The fi rst intradural segment of the ICA, the ophthalmic segment is surrounded by 
CSF. The fi rst major intracranial ICA branch, the ophthalmic artery arises from this 
segment. It runs anteriorly through the optic canal and gives off three types of 
branches. The ocular branches provide arterial supply to the choroid and retina and 
include the central retinal artery and the ciliary arteries. Orbital branches of the 
ophthalmic artery supply the extraocular muscles and the orbit periosteum [ 14 ]. An 
important orbital branch is the lacrimal artery which may anastomose with the mid-
dle meningeal artery through the recurrent meningeal artery. An important but rare 
anatomic variant is a middle meningeal artery which may arise from the ophthalmic 
artery [ 15 ]. Extraorbital branches of the ophthalmic are also important sites of anas-
tomoses with the ECA circulation through ethmoidal and facial arteries. The other 
important ICA branches from the C6 segments are the superior hypophyseal arteries 
which may be one or more in number. The C5 and 6 segments together make up the 
carotid siphon and are best visualized on lateral views on angiography [ 16 ].  
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   C7: Communicating ICA 

 The C7 segment is the terminal ICA segment and begins proximal to the origin of 
the posterior communicating artery (PCom) and ends at the ICA bifurcation into 
the anterior and middle cerebral arteries. The fi rst major branch from this segment 
is the PCom that arises from the posterior aspect of the ICA, runs above CN III, 
and gives off several small perforating branches. An important anatomical variant 
of the PCom is when it may supply the entire PCA territory in the absence of a P1 
segment, also called a “fetal PCA” (Fig.  2.6 ). Another frequently encountered 
variant is a dilatation at the origin of the PCom called an infundibulum. It is 
important to distinguish these structures from true aneurysms. The second major 
branch of this segment is the anterior choroidal artery (AChA), which arises from 
the posteromedial aspect of the C7 segment. It has two segments, the cisternal and 
intraventricular. It has a variable but important territory of vascular supply includ-
ing the optic tract, the posterior limb of the internal capsule, cerebral peduncle, 
medial temporal lobe, and choroid plexus. Rarely, a hypoplastic or hyperplastic 
AChA may be present. Another rare anomaly is when an AChA may arise proxi-
mal to the PCom.

  Fig. 2.6    Lateral projection images of a fetal posterior cerebral artery anatomical variant       
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       The Circle of Willis 

 The circle of Willis (COW) is a polygonal anastomotic ring that connects the 
 anterior circulation with its contralateral counterpart as well as with the posterior 
circulation. It lies in the suprasellar cistern. Its contributing arteries are:

   The internal carotid arteries, right and left  
  The anterior cerebral arteries (A1), right and left  
  The posterior communicating arteries, right and left  
  The posterior cerebral arteries (P1), right and left  
  The basilar artery  
  The anterior communicating artery    

 A complete COW is present in less than 50 % of all cases, and anatomic variants 
are extremely common [ 17 ]. The A1 segment may be hypoplastic (10 %) or absent 
(1–2 %). There may be duplicated or fenestrated anterior communicating arteries. 
A plexiform ACom is one where multiple channels may be present. A hypoplastic 
P1 segment may be seen with a fetal PCA. An anatomically isolated ICA occurs 
when there is an absent A1 and an ipsilateral fetal PCA. The entire COW is rarely 
visualized on a single angiogram, and different views and injections may be required 
to view it. There are important small perforating branches, which arise from the 
vessels in the COW. The ACA gives rise to the recurrent artery of Heubner, an artery 
that may inadvertently be clipped with an anterior communicating aneurysm due to 
its variable origin [ 18 ], and the medial lenticulostriate arteries. The anterior com-
municating artery itself gives rise to small perforating branches that supply the optic 
chiasm and parts of the corpus callosum. The posterior communicating arteries give 
rise to the anterior thalamoperforating arteries, which supply the thalamus and the 
optic tracts. The posterior thalamoperforators arise from the distal BA and the prox-
imal PCAs, which supply the midbrain and the thalamus.  

   Anterior Cerebral Artery 

 The ACA is the smaller of the two terminal branches of the ICA. It is subdivided 
into three segments, the A1 or the precommunicating segment, the A2 or the post-
communicating segment, and the A3 or the distal ACA. The precommunicating 
segment is visualized well on a straight AP projection on angiography as it courses 
over the optic chiasm and below the anterior perforated substance and extends from 
the ACA origin to the junction of the ACA and the ACoA. The A2 segment extends 
from this point to the genu of the corpus callosum and is well visualized on the lat-
eral projection. The proximal ACA segments give rise to perforating arteries, which 
supply parts of the anterobasal forebrain, corpus callosum, fornix, and septum pel-
lucidum. The largest among these is the recurrent artery of Heubner, which has a 
variable origin [ 18 ]. It arises most often from the proximal A2 segment or the A1 
segment. Less frequently it may arise from the ACoA. The ACA cortical branches 
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are grouped according to their vascular territory. The fi rst such group is the orbital 
branches, which includes the orbitofrontal artery. This group largely supplies the 
orbital surface of the frontal lobe. The second group is the frontal branches, which 
includes the frontopolar artery. 

 Distally, the ACA curves around the corpus callosum and bifurcates into two 
main branches, the pericallosal artery and the callosomarginal artery, and gives off 
the last group of cortical branches, the parietal branches. The distal ACA is also 
well visualized on a lateral projection. However on AP projection the pericallosal 
and callosomarginal arteries have a characteristic “smile and mustache” appearance 
in the late arterial phase [ 19 ] (Fig.  2.7 ).

   While anatomical variations are common, true anomalies of the ACAs are rare. 
An absent or hypoplastic A1 segment is a common variation. Rarely, an anomalous 
origin of the ACA may be seen, arising from the level of the ophthalmic artery from 
the ICA. Other anomalies include an accessory, bihemispheric, or azygous ACA.  

   Middle Cerebral Artery 

 The MCA (Fig.  2.8 ) is subdivided into four anatomical segments. The M1 segment 
originates at the ICA bifurcation and courses laterally till the limen insulae where 
the MCA branches turn upwards. It is here that the M2 segments start and are 

  Fig. 2.7    Anteroposterior projection images of the pericallosal and callosomarginal branches of the 
anterior cerebral artery       
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comprised of 6–8 MCA branches that lie over the insula. The M2 segments then 
end by coursing laterally at the top of the Sylvian fi ssure, where the M3 segments 
begin. The M3 segments end at the lateral cerebral fi ssure. The M4 segments then 
begin and the distal branches then take varying courses to the cortical areas they 
supply [ 20 ].

   The M1 segment gives off two groups of penetrating branches, the medial and 
lateral lenticulostriate arteries, which then supply the lentiform nucleus, caudate 
nucleus, and internal capsule. 

 The fi rst cortical MCA branch is the anterior temporal artery, which arises from 
the M1 segment. The cortical branches arising from the M4 segments are divided 
into anterior, central, or posterior groups depending on their vascular territory. The 
anterior branches include the orbitofrontal and prefrontal arteries, which supply the 
inferior and lateral frontal lobes, respectively. The central or intermediate branches 
include the pre-Rolandic, Rolandic, and anterior parietal arteries that supply the 
posterior frontal lobe and anterior parietal lobes including the pre- and post-central 
gyri. The posterior parietal artery, the angular artery, the temporooccipital artery, 
and the posterior temporal artery make up the posterior branches. Of these, the 
angular artery is the major terminal branch and is of importance during intracranial 
neurointerventional procedures as its relatively straight course allows for better dis-
tal wire access during thrombectomies of the middle cerebral artery. 

  Fig. 2.8    Anteroposterior projection images of the middle cerebral artery       
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 While true anomalies of the MCA are rare, there is signifi cant variation in the 
branching patterns. A true MCA bifurcation is only seen in about 50 % of cases, 
whereas in other cases there may be a trifurcation or multiple branches. Rare anom-
alies include an accessory MCA that arises from the ACA, a duplicated MCA that 
arises from the terminal ICA, hypoplastic or aplastic MCAs, fenestrated MCAs, and 
a single nonbifurcating MCA trunk [ 21 ].  

   Posterior Cerebral Artery 

 The PCA originates from the basilar artery bifurcation (Fig.  2.9a ) in the interpedun-
cular cistern and is divided into four segments [ 22 ]. The P1 or precommunicating 
segment starts at the basilar bifurcation and extends to its junction with the 
PCoA. From this point, the P2 (ambient) segment extends to the posterior aspect of 
the midbrain, coursing in the ambient cistern, and is well visualized on the lateral 
projection on angiography (Fig.  2.9b ). The P3 (quadrigeminal) segment extends 
from the quadrigeminal plate to the calcarine fi ssure. The P4 segment is the terminal 
segment within the calcarine fi ssure and includes the cortical branches of the 
PCA. Several perforating branches arise from the PCA. The thalamoperforators 
arise from the P1 segment, the thalamogeniculates, and the peduncular perforators 
from the P2 segment. Two main choroidal arteries are the medial posterior choroidal 
artery and the lateral posterior choroidal artery, both of which arise from the P2 seg-
ment and are well visualized on the lateral projection. The lateral posterior choroi-
dal arteries anastomose with the medical posterior choroidal artery as well as the 
anterior choroidal artery, a branch of the ICA. The fi rst cortical branches arising 
from the P2 segment are the anterior temporal artery, followed by the posterior 

  Fig. 2.9    Anteroposterior ( a ) and lateral projection ( b ) images of the posterior cerebral arteries       
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temporal artery. The P3 segment then continues within the perimesencephalic 
 cistern, and then the P4 segment bifurcates into the medial occipital artery and the 
lateral occipital artery. The medial occipital artery further divides into the parietooc-
cipital artery that supplies the brain adjacent to the parietooccipital sulcus and also 
provides accessory supply to the visual cortex. The other division of the medial 
occipital artery is the calcarine artery, which supplies the visual cortex. The lateral 
occipital artery has several branches that supply the inferior temporal lobe.

       The Vertebrobasilar System 

   Vertebral Artery 

 The vertebral artery (Fig.  2.10 ) is divided angiographically into four segments [ 23 ]. 
The V1 (extraosseous) segments arise from the subclavian arteries and ascend pos-
teriorly to enter the C6 transverse foramen. The origin of vertebral arteries may be 
variable, as most often they tend to arise from the superior aspect of the subclavian 
but may arise from other aspects as well. Thus the subclavian artery may overlap 
with the vertebral artery origin on a straight AP projection, and the origin may be 
diffi cult to visualize angiographically. Multiple-angled projections may be required 

  Fig. 2.10    3D angiogram of the vertebrobasilar system       
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to visualize the origin clearly. The V2 (foraminal) segment then ascends cephalad 
from the C6 to the C2 transverse foramina and turns laterally as it exits from C1. 
The anterior meningeal artery is a branch that arises from the distal V2 segment and 
supplies the dura around the foramen magnum. This segment is well visualized on 
a straight AP projection. The V3 (extraspinal) segment extends from the VAs exit 
point from C1 to their entry into the dura. This segment is well visualized on both 
AP and lateral projections. The V4 (intradural) segment begins at the dura, courses 
through the foramen magnum, and ends by uniting with its contralateral counterpart 
to form the basilar artery (BA) near the pontomedullary junction. The distal verte-
bral artery is frequently an area affected by atherosclerotic disease in posterior cir-
culation strokes [ 24 ]. The intracranial branches of the VA arise from the V4 segment. 
The fi rst of these is the posterior spinal artery, which is a small vessel that forms a 
vascular network that continues inferiorly along the spinal cord. The anterior spinal 
artery (ASA) also arises from the distal VA and runs inferiorly giving off a small 
number of perforators that supply the pyramid.

   The most important intracranial branch of the VA is the posterior inferior cere-
bellar artery (PICA). It arises from the V4 segment near the olive and has four seg-
ments [ 25 ]. The fi rst (anterior medullary) segment runs posteriorly in the medullary 
cistern. The second (lateral medullary) segment continues posteriorly in the cere-
bellomedullary fi ssure. The third (posterior medullary) segment ascends behind the 
posterior medullary velum, and the fourth (supratonsillar segment) is the second 
loop of the PICA, formed by its course above the cerebellar tonsils. The PICA is 
well visualized on lateral projections. Anatomical variants of the VA are common as 
there is a signifi cant asymmetry in the sizes of the two VAs, with the left being 
dominant in the majority of people. Other common variations include a shared 
AICA–PICA trunk, as well as extradural origin of the PICA, which is of important 
consideration during posterior fossa surgeries. More rare variants include a dupli-
cated PICA and a vertebral artery ending in a PICA. The most common anomaly of 
the vertebral artery is an origin from the aortic arch, which may be seen in 5 % of 
cases. Other anomalies include duplicated and fenestrated VAs, which may be asso-
ciated with increased risk of aneurysms.  

   Basilar Artery 

 The basilar artery (Fig.  2.10 ) is formed by the unifi cation of the two vertebral arteries 
and is a rare example of two arteries uniting to form one vessel in the human body. 
It ascends cephalad from its origin at the pontomedullary junction to its bifurcation 
in the interpeduncular cistern. It has extensive perforating arteries, which form the 
vascular supply to the pons. These are further divided into the median and parame-
dian pontine perforators which course posteriorly from the BA and penetrate the 
pons and the lateral pontine arteries which course around the brainstem, giving off 
small perforators that penetrate the pons to supply it. It also gives rise to two major 
cerebellar arteries. The anterior inferior cerebellar artery (AICA) (Fig.  2.10 ) takes 
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origin from the proximal BA and courses posterolaterally. It is an important source 
of labyrinthine branches, and an AICA stroke may present with unilateral sensori-
neural hearing loss [ 26 ]. The AICA supplies the anterolateral surface of the cerebel-
lum. The superior cerebellar arteries (SCAs) arise just proximal to the BA bifurcation 
(Fig.  2.10 ). The SCAs course posterolaterally and divide into a lateral branch that 
supplies the superolateral surface of the cerebellar hemispheres and a medial branch 
that supplies the superomedial cerebellar surface and vermis. Duplicated SCAs are a 
common anatomical variation. Anomalies of the BA are rare but include duplication 
or fenestration of the vessel. Persistent embryonic connections may result in carotid–
basilar anastomotic channels that are discussed elsewhere.   

   Venous Drainage of the Head and Neck 

   Extracranial Veins 

 Venous drainage of the head and neck is through several veins and plexuses. The 
superior and inferior ophthalmic veins drain the orbit posteriorly [ 27 ]. The face is 
drained predominantly by the anterior facial vein, which is joined by the deep 
facial vein along its course. Submental veins and anterior facial vein join to form 
the common facial vein. Veins from the scalp, pinna, and deep face drain into the 
external jugular vein, whereas the internal jugular vein drains blood from the skull 
and brain and subsequently forms the brachiocephalic vein in combination with 
the subclavian vein [ 28 ].  

   Dural Venous Sinuses (See Chap.   8    ) 

 These endothelium-lined channels are located between the dural layers. They are 
valveless vessels without any muscular tissue and have complex trabeculae, rather 
than being a single large channel. The dural sinuses are the major routes of drainage 
for the brain. 

 The superior sagittal sinus (Fig.  2.11 ) originates anteriorly at the crista galli and 
courses posteriorly, joined by many cortical parasagittal veins along its course, 
which also results in an increase in diameter as it runs caudally [ 29 ]. It terminates to 
form the torcula or sinus confl uence as it joins with the straight sinus near the inter-
nal occipital protuberance. It is well visualized angiographically in the venous phase 
on lateral view.

   The inferior sagittal sinus is a smaller channel that courses posteriorly along the 
inferior edge of the falx cerebri, above the corpus callosum. It drains the falx, cor-
pus callosum, cingulum, and medial cerebral hemispheres. The ISS then joins with 
the vein of Galen (great cerebral vein) to form the straight sinus [ 30 ] (Fig.  2.11 ) 
which then courses posteroinferiorly and receives tributaries draining the vermis. 
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The SS also terminates in the torcular Herophili, which is formed by the confl uence 
of SS, SSS, and transverse sinuses, and is well visualized on the AP projection. The 
TSs receive blood from SS and SSS as well as tributaries from the cerebellum and 
temporal and occipital lobes. It also receives the vein of Labbe. The two TSs are 
frequently asymmetrical with the right one being larger in 75 % cases. The TSs 
continue anteroinferiorly as the sigmoid sinuses and then the internal jugular veins. 

 The cavernous sinuses (Fig.  2.12 ; see Chap.   17    ) lie lateral to the sphenoid body 
and are usually made of multiple small veins, extending from the superior orbital 
fi ssure to the petrous apex, and also house the CN III, IV, V1, and VI and the cavern-
ous segment of the ICA. The CS then drains into the superior and inferior petrosal 
sinuses.

   Considerable variation is seen in the anatomy of the dural sinuses. These include 
an absent SSS or an SSS that deviates to the right in its descent. It may rarely drain 
directly into a TS, where the torcula may be hypoplastic or absent. There may be 
absence or hypoplasia of a TS. The IJV has a normal dilatation at its origin called 
the jugular bulb. There may be rare occasions where the bulb may be higher than 
normal, and this may be of clinical signifi cance, causing tinnitus. True anomalies of 
dural venous sinuses are rare but may be associated with congenital brain malfor-
mations such as Chiari II and Dandy–Walker malformations.  

  Fig. 2.11    Lateral projection images of the dural sinuses, cortical veins, and deep cerebral veins       
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   The Cerebral Veins 

 The cerebral veins are further subdivided into:

    1.    Superfi cial cerebral veins 
   These are several veins which course along the superfi cial sulci and drain the 

cortex. Cortical veins are well visualized on lateral view in the venous phase of 
a cerebral angiogram and appear to radiate outwards like spokes of a wheel. They 
are very variable and are, by and large, unnamed. There are however three promi-
nent veins which are named:

    (a)    The superfi cial middle cerebral vein—it courses along the Sylvian fi ssure 
and drains the operculum to ultimately drain into the cavernous or sphenopa-
rietal sinus [ 31 ].   

   (b)    The vein of Trolard (Fig.  2.11 )—also known as the superior anastomotic 
vein, it connects the SMCV with the SSS.   

   (c)    The vein of Labbe—also known as the inferior anastomotic vein, it connects 
the SMCV with the transverse sinus. The superior and inferior anastomotic 
veins have a reciprocal relationship whereby if one is dominant, the other is 
usually small or even absent [ 32 ].       

   2.    Deep Veins 
   The deep veins drain blood from the deep white matter and can be visualized bet-

ter on lateral view of the venous phase of a cerebral angiogram. They include [ 33 ]:

  Fig. 2.12    Anteroposterior images of the cavernous and circular sinuses       
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    (a)    Medullary veins—small deep veins which course along the walls of the 
 lateral ventricles. They are sometimes visualized on lateral views and are 
perpendicular to the ventricular ependymal.   

   (b)    Subependymal veins—they receive the medullary veins and together form 
important larger tributaries. The major deep tributaries are the septal vein, 
the thalamostriate vein, and the internal cerebral vein. The septal veins 
receive tributaries from the corpus callosum and frontal white matter. They 
then unite with the internal cerebral vein. The thalamostriate veins form 
by the joining together of the anterior caudate veins and the terminal vein. 
They too unite with the septal veins to form the internal cerebral veins, which 
are the largest of the deep cerebral veins. They course posteriorly and con-
tinue to receive small subependymal veins. They terminate by joining with 
each other as well as the basal veins to form the vein of Galen (great cerebral 
vein). The basal veins of Rosenthal are deep veins that are formed by the 
coming together of anterior and deep middle cerebral veins. The ICVs and 
BVRs form the great cerebral vein of Galen that terminates by joining the 
inferior sagittal sinus to form the straight sinus.    

      3.    Posterior fossa draining veins [ 34 ] 
   The majority of the posterior fossa draining veins are well visualized on the 

 lateral projection, with the exception of the petrosal vein, which can be seen 
on  the AP projection. The main systems draining the posterior fossa are 
classifi ed as [ 35 ]:

    (a)    The superior or Galenic veins—these include the precentral cerebellar vein, 
the superior vermian vein, and the anterior pontomesencephalic vein.   

   (b)    The anterior or petrosal veins—these include the petrosal vein, which is 
formed by multiple small tributaries from the cerebellum, pons, and medulla 
and drains into the superior petrosal sinus.   

   (c)    Posterior or tentorial veins—the important posterior veins are the inferior 
vermian veins.    

             References 

    1.    Harrigan MR, Deveikis JP. Diagnostic cerebral angiography. In: Harrigan MR, Deveikis JP, 
editors. Handbook of cerebrovascular disease and neurointerventional technique. 2nd ed. 
New York: Humana Press; 2013. p. 128.  

    2.    Osborn AG. The aortic arch and great vessels. In: Osborn AG, editor. Diagnostic cerebral angi-
ography. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 16–27.  

    3.    Hacein-Bey L, Daniels DL, Ulmer JL, Mark LP, Smith MM, Strottmann JM, Brown D, Meyer 
GA, Wackym PA. The ascending pharyngeal artery: branches, anastomoses, and clinical sig-
nifi cance. AJNR Am J Neuroradiol. 2002;23(7):1246–56.  

    4.    Niranjan NS. An anatomical study of the facial artery. Ann Plast Surg. 1988;21(1):14–22.  
    5.    Tanoue S, Kiyosue H, Mori H, Hori Y, Okahara M, Sagara Y. Maxillary artery: functional and 

imaging anatomy for safe and effective transcatheter treatment. Radiographics. 2013;33(7):
e209–24. doi:  10.1148/rg.337125173    .  

S. Mehta and R.C. Edgell

http://dx.doi.org/10.1148/rg.337125173


29

    6.    Geibprasert S, Pongpech S, Armstrong D, Krings T. Dangerous extracranial-intracranial 
 anastomoses and supply to the cranial nerves: vessels the neurointerventionalist needs to know. 
AJNR Am J Neuroradiol. 2009;30(8):1459–68. doi:  10.3174/ajnr.A1500    .  

    7.    Osborn AG. The external carotid artery. In: Osborn AG, editor. Diagnostic cerebral angiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 38.  

    8.    Bouthillier A, van Loveren HR, Keller JT. Segments of the internal carotid artery: a new 
 classifi cation. Neurosurgery. 1996;38(3):425–32. discussion 432–3.  

    9.    Cohen JE, Gomori JM, Leker RR. Internal carotid artery agenesis: diagnosis, clinical spec-
trum, associated conditions and its importance in the era of stroke interventions. Neurol Res. 
2010;32(10):1027–32. doi:  10.1179/016164110X12767786356273    .  

    10.    Vasović L, Arsić S, Vlajković S, Jovanović I, Jovanović P, Ugrenović S, Andjelković Z. Otic 
artery: a review of normal and pathological features. Med Sci Monit. 2010;16(5):RA101–9.  

    11.    Shane Tubbs R, Nguyen HS, Shoja MM, Benninger B, Loukas M, Cohen-Gadol AA. The 
medial tentorial artery of Bernasconi–Cassinari: a comprehensive review of its anatomy and 
neurosurgical importance. Acta Neurochir. 2011;153(12):2485–90.  

    12.    Alcalá-Cerra G, Tubbs RS, Niño-Hernández LM. Anatomical features and clinical 
relevance of a persistent trigeminal artery. Surg Neurol Int. 2012;3:111. doi:  10.4103/
2152-7806.101798    .  

    13.    Korkmazer B, Kocak B, Tureci E, Islak C, Kocer N, Kizilkilic O. Endovascular treatment of 
carotid cavernous sinus fi stula: a systematic review. World J Radiol. 2013;5(4):143–55.  

    14.    Lang J, Kageyama I. The ophthalmic artery and its branches, measurements and clinical 
importance. Surg Radiol Anat. 1990;12(2):83–90.  

    15.    Dilenge D, Ascherl Jr GF. Variations of the ophthalmic and middle meningeal arteries: relation 
to the embryonic stapedial artery. AJNR Am J Neuroradiol. 1980;1(1):45–54.  

    16.    Osborn AG. The internal carotid artery. In: Osborn AG, editor. Diagnostic cerebral angiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 97.  

    17.    Krabbe-Hartkamp MJ, van der Grond J, de Leeuw FE, de Groot JC, Algra A, Hillen B, Breteler 
MM, Mali WP. Circle of Willis: morphologic variation on three-dimensional time-of-fl ight 
MR angiograms. Radiology. 1998;207(1):103–11.  

     18.    El Falougy H, Selmeciova P, Kubikova E, Haviarová Z. The variable origin of the recurrent 
artery of Heubner: an anatomical and morphometric study. Biomed Res Int. 2013;2013:873434. 
doi:  10.1155/2013/873434    .  

    19.    Osborn AG. The anterior cerebral artery. In: Osborn AG, editor. Diagnostic cerebral angiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 132–3.  

    20.    Gibo H, Carver CC, Rhoton Jr AL, Lenkey C, Mitchell RJ. Microsurgical anatomy of the 
middle cerebral artery. J Neurosurg. 1981;54(2):151–69.  

    21.    Umansky F, Dujovny M, Ausman JI, Diaz FG, Mirchandani HG. Anomalies and variations of 
the middle cerebral artery: a microanatomical study. Neurosurgery. 1988;22(6 Pt 1):1023–7.  

    22.    Zeal AA, Rhoton AL. Microsurgical anatomy of the posterior cerebral artery. J Neurosurg. 
1978;48:534–59.  

    23.    Osborn AG. The vertebrobasilar system. In: Osborn AG, editor. Diagnostic cerebral angiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 173–5.  

    24.    Caplan LR. The intracranial vertebral artery: a neglected species. The Johann Jacob Wepfer 
Award 2012. Cerebrovasc Dis. 2012;34(1):20–30.  

    25.    Osborn AG. The vertebrobasilar system. In: Osborn AG, editor. Diagnostic cerebral angiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 177–8.  

    26.    Lee H, Sohn SI, Jung DK, Cho YW, Lim JG, Yi SD, Lee SR, Sohn CH, Baloh RW. Sudden 
deafness and anterior inferior cerebellar artery infarction. Stroke. 2002;33(12):2807–12.  

    27.    Spektor S, Piontek E, Umansky F. Orbital venous drainage into the anterior cavernous sinus 
space: microanatomic relationships. Neurosurgery. 1997;40(3):532–9. discussion 539–40.  

    28.    Braun JP, Tournade A. Venous drainage in the craniocervical region. Neuroradiology. 
1977;13(3):155–8.  

    29.    Andrews BT, Dujovny M, Mirchandani HG, Ausman JI. Microsurgical anatomy of the venous 
drainage into the superior sagittal sinus. Neurosurgery. 1989;24(4):514–20.  

2 Neurovascular Anatomy

http://dx.doi.org/10.3174/ajnr.A1500
http://dx.doi.org/10.1179/016164110X12767786356273
http://dx.doi.org/10.4103/2152-7806.101798
http://dx.doi.org/10.4103/2152-7806.101798
http://dx.doi.org/10.1155/2013/873434


30

    30.    Browder J, Kaplan HA, Krieger AJ. Anatomical features of the straight sinus and its  tributaries. 
J Neurosurg. 1976;44(1):55–61.  

    31.    Galligioni F, Bernardi R, Pellone M, Iraci G. The superfi cial sylvian vein in normal and patho-
logic cerebral angiography. Am J Roentgenol Radium Ther Nucl Med. 1969;107(3):565–78.  

    32.    Sener RN. The occipitotemporal vein: a cadaver, MRI and CT study. Neuroradiology. 
1994;36(2):117–20.  

    33.    Friedman DP. Abnormalities of the deep medullary white matter veins: MR imaging fi ndings. 
AJR Am J Roentgenol. 1997;168(4):1103–8.  

    34.    Galligioni F, Bernardi R, Pellone M, Iraci G. The veins of the posterior cranial fossa: an angio-
graphic study under pathologic conditions. Am J Roentgenol Radium Ther Nucl Med. 1970;
110(1):39–49.  

    35.    Osborn AG. The cerebral veins. In: Osborn AG, editor. Diagnostic cerebral angiography. 2nd 
ed. Philadelphia, PA: Lippincott Williams & Wilkins; 1999. p. 233–5.    

S. Mehta and R.C. Edgell



31© Springer Science+Business Media New York 2015
R.C. Edgell et al. (eds.), Neurointervention in the Medical Specialties, 
Current Clinical Neurology, DOI 10.1007/978-1-4939-1942-0_3

    Chapter 3   
 Intensive Care of the Neurointerventional 
Patient 

             Junaid     Siddiq     Kalia      ,     Eliahu     Feen      , and     Abhay     Kumar     

        J.  S.   Kalia ,  M.D.      •    E.   Feen ,  M.D.      •    A.   Kumar ,  M.D.      (*)
  Department of Neurology and Psychiatry ,  Saint Louis University , 
  1438 South Grand Blvd ,  Saint Louis ,  MO   63104 ,  USA   
 e-mail: jskalia@gmail.com; efeen@slu.edu; akumar22@slu.edu  

           Introduction 

 The fi elds of neurointervention and neurocritical care have both grown and evolved 
rapidly over the last 10–20 years. The variety and severity of patients treated by 
neurointerventionalists has increased dramatically. The neurointensivist must be 
familiar with the spectrum of such patients in order to manage both anticipated 
and unanticipated events effectively. The neurointensivist’s goal should be to 
maintain lines of communication between the various teams involved in order to 
coordinate and direct excellent care of the patient in a collaborative environment. 
This chapter focuses on neurocritical care pertaining to common neurointerven-
tional procedures. Table  3.1  provides a summary of intensive care of the neuroin-
terventional patients.
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   Table 3.1    Summary of intensive care of the neurointerventional patient   

 Condition 
 Synopsis of clinical 
condition and monitoring  Synopsis of management 

 Pre-procedure renal 
protection 

 Absolute increase by 
0.5 mg/dl or 25 % relative 
increase from baseline seen 
2–7 days after contrast 
exposure 

 If ≥2 risk factors for contrast 
nephropathy, NAC 600–1,200 mg PO 
Q6 h× 4 doses pre-procedure and/or 
1 ml/kg/h normal saline or sodium 
bicarbonate 6–12 h pre- and 
post-procedure 

 Vascular access site 
complications 
   Local hematoma 
 Retroperitoneal 
hematoma 
 Pseudoaneurysm 
 Arteriovenous fi stula 

 Local growth; margins 
should be demarcated 
 Flank and abdominal pain, 
painful and cold extremity. 
Potentially life threatening 
due to acute anemia and 
shock 
 Ecchymosis, pulsatile 
palpable mass and presence 
of bruit. Untreated source 
of emboli and infection and 
potential rupture 
 Rare iatrogenic 
communication between 
femoral artery and vein 
 Most resolve 
spontaneously; in rare cases 
chronic AVF may cause 
cardiac failure, limb edema, 
or degeneration of the 
artery 

 Local compression 
 Frequent marking and serial checks 
 Frequent hemoglobin checks 
 CT abdomen; aggressive management 
of shock 
 Progressive worsening—consider 
blood transfusion, reversal of 
anticoagulation, surgical/angiographic 
exploration of arteriotomy site 
 Duplex ultrasound or CT/MR 
angiography in some cases 
 If small (<2 cm), observe. Larger 
pseudoaneurysm could be treated using 
ultrasound-guided compression or 
rarely open surgical repair 
 Serial duplex ultrasound. USGC or 
endovascular/open surgical repair for 
chronic AVF 

 Stroke thrombectomy 
 Blood pressure 
management 
 Intracranial 
hemorrhage (ICH) 
 Increased ICP 
management 
 Herniation or ICP 
crisis 

 Frequent neurological 
examination 
 Signs of increased 
intracranial pressure with 
change in neurological 
exam 
 Risk factors: onset-to- 
reperfusion time >270 
mins, initial larger stroke 
>1/3 of MCA, or severe 
defi cits at presentation 
(NIHSS >20) 
 Sustained ICP >20 mmHg 
with neuro worsening 
 Sustained ICP >25 mmHg 
for prolonged period 
 Unilateral pupil dilation 

 CT scan with or without CT angiogram 
if exam changes 
 Complete recanalization—SBP range 
120–140 mmHg 
 Partial recanalization—BP range more 
liberal up to 180/105 
 Prompt reversal of anticoagulation; 
consider checking fi brinogen levels 
with FFP ± platelet transfusion 
 Consider prophylactic hypernatremia 
 Neurosurgery consultation for potential 
decompression or EVD placement 
 Elevation of bed to 30° 
 Mannitol (average 1 g/kg) Q6 h +/− 
hypertonic saline 
 Monitor osmolar gap and renal 
function 
 Hyperventilate to maintain 
PaCO2 ~ 30 mmHg 
 Bolus mannitol 1–1.5 g/kg or 23.4 % 
NaCl 0.67 cc/kg 

(continued)
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Table 3.1 (continued)

 Condition 
 Synopsis of clinical 
condition and monitoring  Synopsis of management 

 Subarachnoid 
hemorrhage 
 Blood pressure 
management 
 Vasospasm 

 Frequent neurological 
examination 
 Commonly seen 3–21 days 
post-aSAH 
 Neurological deterioration 

 Incidence of rebleed is 5–10 % in fi rst 
72 h 
 Maintain SBP <160 and MAP <110 
prior to securing aneurysm 
 Daily transcranial Doppler (TCD); 
maintain euvolemia 
 Diagnostic angiogram or CT/MR 
angiography 
 Induce hypertension using boluses with 
or without vasopressor 
 Sustained vasospasm intra-arterial 
vasodilator and/or angioplasty 

 Carotid artery stenting 
 Cardiovascular 
complications 
 Bradycardia 
 Myocardial infarction 
 Ischemic stroke 
 Intracerebral 
hemorrhage 
 Cerebral 
hyperperfusion 
syndrome 

 Frequent neurological 
examination 
 Avoid sedation and pain 
medication, may mask 
symptoms 
 Persistent heart rate below 
60 beats per minute 
 Risk of periprocedural MI 
high (~1.3 %) 
 Periprocedural risk is 
~3.5 % 
 New neurological defi cit 
 Ipsilateral headache, 
seizure, and transient 
neurological defi cit in the 
absence of ischemic or 
hemorrhagic injury 

 Dual antiplatelet therapy should be 
started in all patients pre-procedure 
 Atropine IV 0.5–0.75 mg if 
symptomatic 
 Continue pre-procedure beta-blocker at 
reduced dose 
 Start or continue statins 
 Optimize electrolytes K >4, Mg >2, 
calcium >8 
 Cardiology consult if new onset 
arrhythmia and troponin leak 
 CT brain rules out ICH 
 CT angiography or conventional 
angiography to investigate in-stent 
thrombosis versus intraluminal 
occlusive 
 Consider emergent intra-arterial tPA or 
mechanical thrombectomy 
 Maintain blood pressure close to 
normal 
 Symptomatic headache therapy 
 Symptomatic seizure therapy with 
antiepileptics 

 Intracranial 
embolization 
procedures 
 Hemorrhagic 
complications 
 Ischemic 
complications 
 Seizure 

 Frequent neurological 
examination 
 Neurological deterioration 
 Iatrogenic secondary to 
catheter-induced emboli 
 Common ~8 % 

 Blood pressure regulation is extremely 
important post-procedurally 
 All patients should be kept 
normotensive and euvolemic 
 CT brain to rule out ICH 
 Prevented with systemic heparinization 
 First-line antiepileptic 

   AVF  arteriovenous fi stula,  SBP  systolic blood pressure  
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      Pre-procedural Care 

   Fasting 

 Pre-procedural fasting (NPO or  nulla per os ) reduces the risk of gastric  regurgitation. 
Usually, patients are kept “NPO after midnight” in anticipation of a planned proce-
dure during the daytime. Care must be taken to avoid starvation, dehydration, and 
electrolyte imbalance in this situation. The American Society of Anesthesiologists 
practice guidelines recommend abstaining from clear liquids (should not contain 
alcohol) for at least 2 h prior to elective procedures, 6 h or more from light meals, 
and ≥8 h from larger meals with high fat content [ 1 ]. These recommendations are 
meant for healthy individuals only and may need to be modifi ed for patients with 
conditions that affect gastric emptying (as in diabetes, gastroesophageal refl ux dis-
ease, or enteral feeding) or those who are at high risk for regurgitation or tracheo-
bronchial aspiration.  

   Hydration 

 Patients undergoing neurointerventional procedures that have intact thirst mecha-
nisms may be able to maintain euvolemia by ingesting fl uids while in the intensive 
care unit. Those with neurological injuries that impair swallowing, with thirst, or 
who are intubated should be administered fl uids in the event of adequate renal func-
tion at the rate of 30 ml/kg/day. Usually crystalloids are suffi cient. Colloids may 
occasionally be used for rapid intravascular volume replacement, although they are 
much more expensive and may cause unwarranted side effects [ 2 ].  

   Renal Protection 

 Patients undergoing angiograms, especially those with renal insuffi ciency, diabetes, 
and congestive heart failure, are at risk for contrast nephropathy due to regional 
hypoxia or acute tubular necrosis. It is usually diagnosed based on an absolute 
increase of serum creatinine of 0.5 mg/dl or by a 25 % relative increase from the 
baseline value. The rise is usually seen 2–7 days after contrast exposure and may 
persist for 2 weeks or longer. This can be a serious event, resulting in prolonged 
hospitalization, dialysis, or even death. The risk of contrast nephropathy appears to 
be smaller with iso-osmolar, dimeric, nonionic contrast agents than low-osmolar, 
nonionic, monomeric contrast agents [ 3 ]. If the patient requires a dye-based study, 
risk factors should be considered. If ≥2 risk factors for contrast nephropathy are 
present, nephroprotection using  N -acetylcysteine 600–1,200 mg orally for four 
doses periprocedurally should be considered. Otherwise, hydration with 1 ml/kg/h 
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of intravenous normal saline for 6–12 h before and after the procedure should be 
administered while minimizing the use of contrast dye during the procedure. 
Sodium bicarbonate likely has a similar protective effect to normal saline, although 
some believe its alkalinizing action on the renal tubular fl uid provides additional 
protection [ 4 ].   

   Post-procedural Care 

   Vascular Access Site Complications 

 Vascular access site (VAS) care is important in post-procedural care, and neuroin-
tensivists should be familiar with the prevention and management of related compli-
cations. The rate of percutaneous VAS complications due to neurointervention is 
reported to be between 0.3 and 4.2 % [ 5 ,  6 ]. Improved closure devices have contrib-
uted to decreased morbidity and mortality in recent years [ 7 ]. A detailed hand-off 
communication [ 8 ] helps in early detection and prompt management [ 9 ]. Femoral 
access is commonly employed in neurointerventional cases, and related complica-
tions will be discussed.

•     Hematoma  
 A localized hematoma remains the most common complication in any endovas-
cular procedure. The adverse consequences range from minimal to life threaten-
ing if retroperitoneal space is involved. A high puncture level above the inguinal 
ligament is an important risk factor for the development of retroperitoneal 
hematoma. 

 A hematoma will cause pain and swelling, while a retroperitoneal hematoma 
may result in fl ank/abdominal pain, a painful/cold limb, loss of peripheral pulses, 
acute anemia, and hemorrhagic shock in extreme cases. Management with local 
compression, serial groin/fl ank checks marking hematoma growth, and frequent 
follow-up of hemoglobin is the fi rst line of treatment. There should be a low 
threshold to get CT of the abdomen and pelvis in patients with falling hematocrit 
and physical signs consistent with shock. Progressive blood loss and hypovole-
mic shock necessitate reversal of anticoagulation, blood transfusion, and aggres-
sive management of shock. Continued bleeding with evidence of retroperitoneal 
bleeding requiring multiple transfusions may necessitate surgical/endovascular 
management to explore the arteriotomy site for active bleeding and repair. 

 Long-term complications of these hematomas include compressive femoral 
neuropathy/lumbar plexopathy causing weakness, numbness, and pain.  

•    Pseudoaneurysm  
 A pseudoaneurysm is a contained vascular rupture (hematoma) within the ele-
ments of the surrounding tissue at the arteriotomy site that creates turbulent fl ow 
between the vessel and soft tissue space. Diagnosis is suspected based on a groin 
examination that shows ecchymosis, a pulsatile palpable mass, and/or bruit. 
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If left untreated, the pseudoaneurysm can serve as a source of emboli, infection, 
or rupture [ 10 ]. Duplex ultrasound shows a hypoechoic region, either lobulated 
or cystic, adjacent to the artery with color fl ow map that demonstrates turbulent, 
swirling fl ow (“yin-yang sign”) [ 11 ]. Obese patients may need CT or MR angi-
ography for diagnosis. Retroperitoneal extension may be investigated using a CT 
of the abdomen to identify the arterial injuries. 

 Management and treatment of a pseudoaneurysm depends on the size, loca-
tion, and progression of the lesion. Smaller pseudoaneurysms (<2 cm) can be 
observed with frequent Doppler exams. Larger pseudoaneurysms are treated 
using ultrasound- guided compression (USGC), ultrasound-guided thrombin 
injection (USGTI), or less commonly open surgical repair.  

•    Arteriovenous fi stula (AVF)  
 Iatrogenic fi stulas (communication between femoral artery and vein) are a rare 
VAS complication. Most cases resolve spontaneously, but rarely long-standing 
fi stula may give rise to cardiac failure, limb edema, or degeneration of the artery. 
Treatment should be pursued using USGC or endovascular or open surgical 
repair.  

•    Infection  
 Infection is a low-frequency complication in percutaneous interventions (includ-
ing diagnostics, angioplasty, stenting, and/or embolization procedures). There is 
no need to use prophylactic antibiotics [ 12 ].     

   Stroke Thrombectomy (See Chap.   7    ) 

 Only about 7 % of acute ischemic stroke patients receive intravenous (IV) throm-
bolysis. Clinical recovery depends on recanalization of the affected blood vessel(s) 
but occurs in only 20–30 % of large artery occlusions treated with IV tPA [ 13 ,  14 ]. 
Mechanical thrombectomy with stent retriever devices has better rates of recanali-
zation and fewer complications (e.g., intracerebral hemorrhage) than other methods 
even though its clinical effi cacy has not yet been fully proven [ 15 – 17 ]. While some 
trials (e.g., REVASCAT) are attempting to establish the clinical utility of mechani-
cal thrombectomy in prespecifi ed settings, it is currently offered on a case-by-case 
basis to eligible patients. Medical management of such patients in the neurocritical 
care unit remains an important task for the neurointensivist.

•     Blood pressure management  
 Blood pressure (BP) should be frequently monitored along with the neurologic 
examination for the fi rst 24 h in patients receiving mechanical thrombectomy. BP 
parameters are similar to management following IV thrombolysis, although 
experts suggest different titration strategies based on the extent of recanalization 
[ 18 ,  19 ]. Sudden changes in BP with worsening of neurological examination 
should immediately be investigated for spontaneous intracranial hemorrhage. In 
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the event of full recanalization, BP should be kept in the systolic 120–140 mmHg 
range to minimize the risk of reperfusion hemorrhage. Those receiving mechani-
cal thrombectomy alone with only partial recanalization may benefi t from a 
higher BP target—up to 180/105 mmHg.  

•    Intracranial hemorrhage  
 Small volume intracranial hemorrhage (ICH) after thrombolysis is frequently 
seen on follow-up imaging studies (Fig.  3.1 ). This may be a marker of early suc-
cessful recanalization that has been shown to be associated with reduced infarct 
size and improved clinical outcome [ 20 ]. On the other hand, deterioration in 
neurological examination with ICH or symptomatic ICH (sICH) is a feared com-
plication that results in worsened outcomes and increased mortality. This risk 
may increase with longer onset-to-reperfusion times (>270 min) [ 21 ]. In addi-
tion, more severe defi cits at presentation (NIHSS > 20), the presence of cerebral 
edema on initial imaging, involvement of >1/3 of the MCA territory, as well as 
deviation from thrombolysis protocols may increase the risk of sICH. Guidelines 
regarding management of sICH following thrombolysis/thrombectomy are cur-
rently lacking, and empirical treatment is done based on the clinician’s judg-
ment. Some strategies are based on fi brinogen levels—if <100 mg/dl, 
cryoprecipitate is administered at 0.15 U/kg. Alternatively, fresh frozen plasma 
along with platelets (6–8 U, if platelet dysfunction is suspected) is relied upon at 
some centers [ 22 ]. A neurosurgical consultation should be obtained for potential 
decompression or clot evacuation in the event of a life-threatening decline, while 
remaining vigilant for secondary cardiorespiratory failure. Seizure prophylaxis 
in the event of sICH is not generally recommended, although this area also is 
lacking in high-level evidence.

•       Intracranial Pressure (ICP) management  
 Large hemispheric infarcts complicated by hemorrhagic conversion or cerebral 
edema can result in elevated ICP. There is no benefi t in routine ICP monitoring 
as patients may develop pupillary abnormalities and signs of brainstem compres-
sion even with normal ICP values [ 23 ]. Patients with high NIHSS (>15) on 

  Fig. 3.1    Reperfusion hemorrhage following successful treatment of MCA occlusion. Cerebral 
angiogram shows a MCA-M1 occlusion ( a ), which was successfully recanalized ( b ). Post- 
thrombectomy computed tomography (CT) shows intracerebral hemorrhage ( c )       
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 presentation and large territorial involvement due to a large vessel occlusion are 
at risk for developing malignant MCA infarction. 

 While sICH generally occurs in the fi rst 24 h after presentation, cytotoxic 
edema and ICP elevation often peak 3–4 days after the initial injury. Patients 
with large hemispheric infarcts that involve >50 % MCA territory with greater 
than 66 % perfusion defi cit are at risk of developing life-threatening malignant 
brain edema within 24 h [ 24 ]. Hemicraniectomy provides defi nitive treatment for 
malignant brain edema while medical management is at best temporizing in such 
situations.

 –     Hemicraniectomy  
 Decompressive hemicraniectomy (DHC) is the defi nitive treatment for malig-
nant cerebral edema due to middle cerebral artery (MCA) infarcts. It normal-
izes the intracranial pressure, improves the cerebral blood fl ow, and reverses 
the herniation impacting the contralateral hemisphere and midline structures. 

 The pooled analysis of three European hemicraniectomy trials proved the 
effi cacy of DHC performed up to 48 h from the onset of symptoms. A reduc-
tion in mortality was seen in patients up to 60 years of age (number needed to 
treat =2) [ 25 ]. These trials included patients with MCA strokes on either side. 
Similar benefi ts may be seen in patients up to 70 years of age based on the 
fi ndings from the recently completed DESTINY II trial [ 26 ]. The impact of 
DHC on functional outcomes was not as robust in this age group. Despite this 
fact, patients reported satisfaction with their quality of life even in the setting 
of a high degree of physical disability and depression [ 27 ]. 

 Patients benefi t from DHC irrespective of the hemisphere involved. The 
benefi t is most pronounced if surgery is performed within 24 h. It is unclear 
whether the benefi t would persist if surgery were performed beyond 48 h. 
Since not all large territory MCA infarctions lead to malignant edema requir-
ing DHC, vigilant neuromonitoring is needed. Infarct volumes >145 cm 3  at 
14 h seen on magnetic resonance diffusion-weighted imaging were shown to 
have 100 % sensitivity and 94 % specifi city in predicting malignant edema 
[ 28 ]. Infarct volumes >82 cm 3  at 6 h have 98 % specifi city but lower (52 %) 
sensitivity [ 28 ]. 

 An adequate DHC should be 14 cm in anteroposterior diameter as well as 
9 cm in vertical diameter (Fig.  3.2 ). The neurointensivist should watch for the 
complications of an undersized craniectomy that may result in mushrooming 
herniation of the brain through the craniectomy leading to further ischemia. 
Additional care should be paid to the development of subdural hygromas, 
hydrocephalus, and hemorrhage at the craniectomy site as well as any signs of 
infection at the site of surgery.

 –       Medical  
 The fi rst priority in ICP management is ensuring adequate airway, breathing, 
and circulation. Other medical interventions in the management of ICP in 
malignant MCA infarction are temporizing measures. Mortality can be up to 
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70 % when relying upon medical management only in this population. 
Medical management of ICP includes elevation of bed to 30°; use of mannitol 
(average 1 g/kg) every 6 h while maintaining euvolemia, monitoring osmolar 
gap (should reconsider mannitol if gap >15) and renal function; hypertonic 
saline; and intubation with hyperventilation. There is currently insuffi cient 
evidence to advocate the use of prophylactic hypernatremia in preventing the 
development of cerebral edema following ischemic stroke [ 29 ].     

•    Antithrombotic use post-thrombectomy  
 Initiation of anticoagulation and/or antiplatelet agents is an individualized deci-
sion post-thrombectomy given the absence of formal guidelines. Initial studies 
and clinical trials (NINDS and PROACT II) excluded patients with infarct vol-
ume >1/3 MCA territory due to concerns of hemorrhagic reperfusion injury. In 
general if reperfusion hemorrhage has occurred, antithrombotic therapy should 
be held for 1–4 weeks.     

  Fig. 3.2    Malignant MCA infarction requiring decompressive craniectomy. Computed tomogra-
phy (CT) shows malignant right middle cerebral artery (MCA) infarction with extension into the 
temporal lobe ( a – c ). Post-surgical resolution of subfalcine herniation with overlying scalp 
expanded to accommodate expanding brain ( d – f )       
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   Subarachnoid Hemorrhage (See Chap.   11    ) 

 Aneurysmal subarachnoid hemorrhage (aSAH) patients should be cared for in a 
high-volume center. The neurointensivist acts as the linchpin to ensure appropriate 
care in this high morbidity and mortality disease. Various organ systems may be 
affected through the course of the patient’s presentation. Knowledge of these condi-
tions is required to provide the best possible care.

•     BP management  
 Aneurysmal rupture is associated with a sympathetic surge and resultant increase 
in blood pressure. The incidence of rebleeding is 5–10 % in the fi rst 72 h. The 
exact blood pressure beyond which the risk of rebleeding signifi cantly rises is 
not clear; however, systolic blood pressures up to 160 mmHg or mean blood 
pressure up to 110 mmHg is generally acceptable. Short-acting BP medications 
(e.g., labetalol or hydralazine) may be used intermittently or continuously (e.g., 
nicardipine). Premorbid blood pressure should be taken into consideration while 
hypotension should be avoided. Hypertension that is accompanied by bradycar-
dia should raise concern for increased intracranial pressure and may require 
osmotic therapy to treat cerebral edema or extraventricular diversion of cerebro-
spinal fl uid if hydrocephalus is diagnosed. 

 BP is commonly elevated in the acute phase following aSAH. After the aneu-
rysm is secured, strict BP control is not required. BP goals should be relaxed to 
allow for cerebral perfusion. Strict BP control may mask the early warning signs 
of vasospasm during which BP typically increases. BP should be titrated in the 
event of signs and symptoms of end-organ damage.  

•    Vasospasm  
 Arterial narrowing or vasospasm as evidenced on angiography is seen between 
3 and 21 days post-aneurysmal rupture with the peak being around 7–10 days. 
It is seen in two-thirds of patients presenting with aSAH, and in approxi-
mately 30 % of such cases, arterial vasospasm results in focal neurological 
defi cits also known as delayed cerebral ischemia (DCI). If not treated appro-
priately, DCI can result in cerebral infarction—a feared complication that can 
greatly affect the  long- term outcome. Vasospasm risk increases with the 
thickness of SAH as measured by the modifi ed Fisher scale [ 30 ]. Nimodipine 
(60 mg every 4 h), a dihydropyridine calcium channel antagonist, is the only 
agent shown to reduce cerebral ischemia and mortality when used prophylac-
tically. It is used for 21 days in aSAH. Sometimes due to its hypotensive 
effect, it may need to be given at a reduced dose but greater frequency (30 mg 
every 2 h). 

 In the event of neurological worsening, potential confounders (fever, hypo-
tension, hyponatremia, seizures, etc.) should be ruled out. In parallel, vasospasm 
should be investigated using catheter angiography. While catheter angiography is 
the preferred modality in cases at high risk for vasospasm where intra-arterial 
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intervention may be required, CT/MR angiograms with/without perfusion maybe 
reasonable alternatives in select situations. CT/MR angiograms are less sensitive 
in detecting mild–moderate vasospasm compared to catheter angiography. 
While planning for a catheter angiogram, hemodynamic augmentation should be 
attempted using a fl uid bolus with/without a vasopressor (Neo-Synephrine or 
norepinephrine) in order to up-titrate mean arterial pressure by 15–20 %. 
Occasionally, an inotropic agent may be useful in this setting. If vasospasm on 
angiogram is diagnosed, it may require treatment with intra-arterial vasodilator 
agents or angioplasty. Only the induced hypertension component of the conven-
tional “triple H” therapy should be used as hypervolemia and hemodilution do 
not improve cerebral blood fl ow or oxygen delivery and may even cause cardio-
pulmonary complications.  

•    Medical management  
 The SAH patient requires comprehensive medical management as various physi-
ologic derangements can result in worsened outcomes. The commonly encoun-
tered medical problems in an SAH patient are anemia, fever, cardiopulmonary 
complications, and electrolyte abnormalities. Anemia is multifactorial in nature 
in SAH patients and predictive of adverse outcome. Conversely, patients with 
higher hemoglobin levels have been observed to have better outcomes [ 32 ]. 
However, it is also known that a liberal transfusion strategy (hemoglobin >10 g/
dl) is fraught with complications. Blood transfusion should thus be carefully 
considered in anemic patients with ongoing vasospasm. Fever is frequent in SAH 
and may be associated with vasospasm, further leading to poor functional and 
cognitive outcomes. Noninfectious/central etiologies can cause fever in the early 
phase (<72 h) in approximately half of these patients [ 33 ]. It is, however, impor-
tant to rule out infectious causes in such cases. Treatment of fever with cooling 
strategies can cause shivering that should be managed through non- pharmacologic 
(surface warming) as well as pharmacologic (antipyretics, NSAIDs, buspirone, 
etc.) means. 

 Cardiopulmonary function can be affected by a catecholamine surge-induced 
dysfunction leading to cardiac arrhythmias, “stunned” myocardium, and hypox-
emia due to pulmonary edema or acute respiratory distress syndrome. Supportive 
cardiopulmonary management should be utilized. Careful fl uid balance with a 
goal of euvolemia should be employed in SAH as hypervolemia is not benefi cial 
and hypovolemia is associated with cerebral ischemia and infarction [ 34 ]. Central 
venous pressure (CVP) monitoring is not a reliable marker of intravascular vol-
ume and hence should be avoided. Patients develop hyponatremia with hypovo-
lemia, which may be mistakenly construed as syndrome of inappropriate 
antidiuretic hormone secretion (SIADH). Even in these situations fl uid restric-
tion should be avoided. Instead, euvolemia with hypertonic fl uids should be the 
goal in the vasospasm period.     
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   Carotid Stenting (See Chap.   4    ) 

•      Cardiovascular complications  
 Post-procedural care after carotid artery stenting (CAS) involves close neuro-
logic observation and careful hemodynamic monitoring due to the subacute 
complications that may develop within hours to days of surgery. Bradycardia and 
hypotension are commonly seen in CAS patients due to mechanical stretching of 
the carotid baroreceptor [ 35 ]. Cerebral perfusion should be maintained, as pro-
longed hypotension can result in expansion of ipsilateral stroke or new ischemic 
stroke [ 36 ]. Hypotension unresponsive to gentle fl uid boluses should be treated 
with vasopressors as required. Midodrine may be used in some patients with 
prolonged hypotension. 

 CAS is most often performed in patients at high risk for carotid endarterec-
tomy. These patients are disproportionately affected by premorbid conditions 
such as diabetes or advanced age and are prone to cardiac ischemia. Careful pre- 
procedure risk assessment should be performed in all patients. Perioperative 
myocardial infarction (PMI) may result from unstable coronary plaque and pro-
longed myocardial oxygen supply–demand imbalance. Even though the risk of 
PMI is real (~1.3 %), prophylactic initiation of beta-blockers is not advised due 
to the incidence of hypotension and bradycardia in CAS [ 37 ]. Those already on 
beta-blockers should be continued on a reduced dose. Statins (HMG-CoA reduc-
tase inhibitors) have been shown to reduce perioperative cardiac events [ 38 ,  39 ]. 
Dual antiplatelet therapy must be started prior to the procedure in all patients 
[ 40 ]. Optimization of electrolytes is recommended to prevent arrhythmia that 
may lead to PMI. Typically, serum potassium >4 mEq/l, magnesium >2 mg/dl, 
and calcium >8 mg/dl are recommended.  

•    Ischemic stroke  
 Periprocedural ischemic stroke risk is ~3.5 % and typically occurs during or 
within a few days of carotid stenting [ 41 ]. About two-thirds of periprocedural 
strokes are due to thromboembolism; other causes include arterial spasm and 
intraluminal thrombosis or occlusion [ 42 ]. After an emergent CT of the brain 
rules out ICH, CT angiography (CTA) or standard angiography may be appropri-
ate to investigate in-stent thrombosis or other intraluminal occlusive processes 
for which emergent intra-arterial tPA or mechanical thrombectomy may be 
needed (Fig.  3.3 ). Intravenous tPA may be used if large artery embolization is 
seen on CT angiography [ 43 ]. Other options for thrombolysis include IV GP IIb/
IIIa inhibitors (e.g., eptifi batide, abciximab, integrilin), platelet-rich thrombus, 
or anticoagulation for dissection. The decision to perform stroke intervention is 
challenging as patient may have a subacute preexisting stroke that creates a high 
risk of reperfusion hemorrhage.

•       Intracerebral hemorrhage  
 Reperfusion of the brain may lead to signifi cant complications including cere-
bral  hyperperfusion syndrome, intracerebral hemorrhage (ICH), and contrast 
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encephalopathy. Cerebral autoregulation involves an intimally mediated 
 physiological response of smooth muscles in the large vessels. Normal cerebral 
autoregulatory processes that ensure consistent cerebral blood fl ow (CBF) within 
60–150 mmHg of mean arterial pressure are impaired in the ischemic brain [ 44 ]. 
Ischemic insult also disrupts the blood–brain barrier (BBB) so that when fl ow is 
restored in impaired cerebral autoregulation, luminal hydrostatic pressure is 
directly transmitted to brain parenchyma resulting in hemorrhagic transforma-
tion (Fig.  3.4 ) [ 45 ]. The incidence of ICH post-CAS is 0.36–4.5 % [ 46 ]. The risk 
of hemorrhagic transformation is greater with larger preexisting infarct volumes 
[ 47 ]. Once ICH is identifi ed; immediate reversal of anticoagulation should be 
initiated with protamine. The reversal of antiplatelet medication must be weighed 
against the risk of in-stent platelet aggregation and intracranial embolism. 
Management otherwise involves treatment of increased intracranial pressure and 
consideration of surgical intervention such as ventriculostomy and craniectomy.

•       Cerebral hyperperfusion syndrome (CHS)  
 Sundt initially defi ned cerebral hyperperfusion syndrome (CHS) as a clinical 
triad of ipsilateral headache, seizure, and focal neurological defi cit in the 
absence of ischemic or hemorrhagic injury after CEA [ 48 ]. These symptoms 
typically present within hours after CAS [ 49 ]. Besides hypertension post-CAS, 
preoperative risk factors are microangiopathy, diabetes mellitus, recent contra-
lateral carotid intervention, poor collateral fl ow, and an incomplete circle of 

  Fig. 3.3    Right common carotid stenosis; pre-stenting showing signifi cant stenosis ( a ). Post- 
stenting fl ow void representing acute in-stent thrombosis ( b )       
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Willis [ 50 ]. Diagnosis of CHS is made on the basis of clinical presentation with 
radiographic presence of cerebral edema. Management of CHS is not standard-
ized. Blood pressure should be controlled in these patients. Symptomatic man-
agement of headache, which is usually self-limited, is recommended since pain 
may increase blood pressure and pulse. Seizures should be treated with a fi rst-
line antiepileptic.  

•    Contrast encephalopathy  
 Contrast encephalopathy is a rare, self-limited condition, in which contrast mate-
rial causes disruption of blood–brain barrier. Patients typically present with 
visual symptoms or focal neurological defi cits. A CT of the brain will show corti-
cal enhancement, edema, and rarely subarachnoid hemorrhage [ 51 ,  52 ].     

   Intracranial Embolization Procedures 

 Endovascular embolization procedures are done in many intracranial pathologies 
including arteriovenous malformation (AVM), arteriovenous fi stula (AVF), bleed-
ing intracranial vessel (traumatic or iatrogenic), and tumors. These may be stand- 
alone therapies or part of multimodality treatment to increase procedural safety and 
effi cacy. 

  Fig. 3.4    Right common carotid stenosis ( a ) post-stenting ( b ). CT scan showing subarachnoid 
hemorrhage (SAH) secondary to reperfusion injury post-stenting in ipsilateral cerebral hemi-
sphere ( c ,  d )       
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 Blood pressure regulation is extremely important post-procedurally. All patients 
should be monitored in neuro ICU with close blood pressure monitoring preferably 
via an arterial catheter [ 53 ,  54 ]. Patient should be kept normotensive and euvolemic 
[ 55 ]. Some interventionalists advocate maintaining sedation and intubation to regu-
late blood pressure posttreatment. This is especially true in cases of multistage 
embolization. Post-procedure, headache is a common complaint. A CT of the brain 
should be obtained to rule out hemorrhage in patients with unusually severe head-
ache, especially when accompanied by a neurological change. All patients should 
have serial neurological examination, and any change should prompt immediate 
brain imaging. Besides hemorrhage, venous infarction, hydrocephalus, venous 
thrombosis, and arterial infarction may occur. 

 Ischemic complications secondary to catheter-induced emboli or refl ux of 
embolic material may also occur. While not widely utilized, some practitioners 
advocate the use of post-procedural anticoagulation to prevent venous thrombosis 
when angiographic venous stasis is noted [ 56 ]. 

 The incidence of new seizure after therapy is about 8 %. New seizures 
 post- procedure should be treated with a fi rst-line antiepileptic. 

 Vasospasm is a very rare complication of ruptured AVMs. It is usually  self- limiting 
but in some cases may require intervention [ 57 ,  58 ].      
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    Chapter 4   
 Endovascular Treatment of Extracranial 
Atherosclerotic Disease 

             Alex     Abou-Chebl       and     Mouhammad     A.     Jumaa     

           Cervical Carotid Artery Disease 

 Internal carotid artery arteriosclerosis at its origin is an important single cause of 
TIA and stroke of arterial origin. Carotid endarterectomy (CEA) has been shown to 
be the treatment of choice in patients with symptomatic stenoses measuring >50 % 
luminal narrowing. In the North American Symptomatic Carotid Endarterectomy 
Trial (NASCET), CEA was superior to medical therapy in patients with >70 % ste-
nosis, reducing the ipsilateral stroke rate from 26 to 9 % at 2 years. Even patients 
with 50–69 % luminal narrowing benefi ted from surgery with a decrease in 5-year 
ipsilateral stroke rates from 22.2 to 15.7 % [ 1 ]. This then is the gold standard ther-
apy against which newer therapies must be measured. CEA is not ideal in all cir-
cumstances, however, as its benefi ts are counterbalanced by signifi cant drawbacks. 
The margin of benefi t in NASCET was dependent on a low perioperative stroke and 
death rate of 5.8 %. Higher surgical complication rates reduce the benefi t from sur-
gery for the population as a whole. The NASCET results do not accurately refl ect 
the real population of symptomatic patients with ICA arteriosclerosis for two major 
reasons. First, the low perioperative complication rates attained by the specialized 
centers involved in the trial are much lower, by as much as a factor of three, than 
those obtained in everyday practice. Second, the patients enrolled in the trial were 
highly selected and did not include those with major medical comorbidities [renal, 
pulmonary, and especially coronary artery disease (CAD)], those aged 80 and older, 
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or those with a history of prior endarterectomy, radical neck dissection, or radiation 
therapy to the neck. In addition to the risk of stroke and death noted in NASCET, 
there were a 7.6 % incidence of cranial neuropathy and an 8.9 % incidence of surgi-
cal wound hematoma or infection. 

 Carotid angioplasty and stenting is an attractive alternative to CEA for several 
reasons. It is potentially less risky to perform in patients with medical comorbidities 
especially those with CAD since it is performed without general anesthesia. CAS is 
a less invasive procedure and does not carry a risk of cranial nerve palsies or surgi-
cal wound hematomas and infection, the frequency and clinical signifi cance of 
which are not minor. CAS may also be applied to patients at particularly high risk 
of complications from CEA including patients who have major medical comorbidi-
ties, those who have had prior CEA or neck exploration or neck irradiation, as well 
as individuals who have high carotid bifurcations, contralateral carotid occlusion, or 
tandem stenoses (Table  4.1 ). Early investigators performed ICA angioplasty only 
and later used stents only as a rescue if a dissection developed. As stent technology 
improved, it became possible to deliver stents into the ICA with a signifi cant 
improvement in acute outcomes compared with angioplasty alone. Currently, stent-
ing following PTA of the ICA is the standard practice. Additional experience has 
shown that carotid artery stenting (CAS) is best performed with an embolic protec-
tion device (EPD). Many non-randomized but large series (300–400 patients each) 
have shown that cerebral embolic events are greatly reduced using these “fi lter 
devices” with a decrease in stroke rates from approximately 5–8.6 to 2–3 % 
(Fig.  4.1 ). World experts in CAS have published position statement that the use of 
embolic prevention devices should be the standard practice.

    Following the development of stent and then fi lter technology, a clinical trial 
comparing CEA and CAS was needed. Protected stenting (i.e., stenting with the use 
an EPD) had not been validated outside of registries [ 2 – 4 ]. Several small and poorly 
conducted trials were initiated [ 5 ,  6 ], but to date the only large randomized trial of 

   Table 4.1    Indications for CAS: high-surgical-risk criteria   

 • Congestive heart failure (class III/IV) and/or known severe left ventricular dysfunction 
LVEF <30 % 

 • Open heart surgery within 6 weeks 
 • Recent MI (>24 h and <4 weeks) 
 • Unstable angina (CCS class III/IV) 
 • Coexistent severe coronary artery disease requiring carotid and coronary revascularization 
 • Severe pulmonary disease (FEV <1.0) 
 • Contralateral carotid occlusion 
 • Contralateral laryngeal nerve palsy 
 • Post-cervical radiation treatment 
 • Previous CEA (i.e., recurrent stenosis) 
 • High cervical ICA lesions (C2 or higher) 
 • CCA lesions below the clavicle 
 • Severe tandem lesions 
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protected CAS vs. CEA in high-surgical-risk patients has been completed: the 
Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy 
(SAPPHIRE) study [ 7 ]. This non-inferiority study evaluated the Cordis PRECISE™ 
stent and the ANGIOGUARD™ fi lter and was sponsored by the manufacturer 
Cordis Endovascular Inc. The primary study endpoint of stroke, myocardial infarc-
tion, or death at 30 days and ipsilateral stroke to 1 year was 12.2 % with CAS and 
20.1 % with CEA,  p  = 0.05 for non-inferiority. The 30-day perioperative stroke/MI/
death was lower in the CAS group as compared with the CEA group, 4.4 % vs. 
9.9 %, respectively, but the difference was not statistically signifi cant ( p  = 0.06) in 
the on-treatment analysis. The CEA complication rates were much higher than 
those noted in the “low-risk” studies NASCET (5.8 %) and ACAS (<3 %) [ 1 ,  8 ]. 
The 3-year results continued to show non-inferiority of CAS to CEA with a cumula-
tive major adverse event rate (stroke, death, or MI) of 20.1 % in the stenting arm and 
30.3 % in the CEA arm ( p  = 0.231). Additionally, the need for reoperation at 1 year 
was signifi cantly lower in the CAS group than in the CEA group, 0.7 % vs. 4.6 %, 
respectively,  p  = 0.04. 

 In addition to the randomized data from SAPPHIRE, two data sets from large 
post-marketing studies, CAPTURE and CASES-PMS [ 9 ,  10 ], show continued good 
outcomes with CAS in high-surgical-risk patients. Both of these registries consisted 
of real-world experience with commercially available stent and embolic prevention 
systems as well as  independent neurological adjudication  of outcomes and events. 

  Fig. 4.1    Bar chart illustrating the steady reduction in procedural morbidity and mortality over 
time       
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 The much larger follow-up registry, the SAPPHIRE Worldwide Registry, has 
enrolled more than 15,000 patients since October 2006. The periprocedural results 
were presented at the Transcatheter Cardiovascular Therapeutics (TCT) conference 
on October 23, 2012, on the fi rst 15,003 patients, 4,569 of whom (30 %) were symp-
tomatic and 10,433 (70 %) were asymptomatic. The 30-day stroke/MI/death rate 
was 4.5 % (death 1.2 %, MI 0.6 %, stroke 3.3 %). There was a signifi cant difference 
in the “NASCET” 30-day endpoint (stroke/death) between symptomatic (5.6 %) 
and asymptomatic (3.5 %) patients ( p  < 0.0001). This registry also confi rmed that 
patients 75 years of age and older had a higher complication rate (5.6 % vs. 2.9 %) 
compared to younger patients ( p  < 0.0001). These results compare favorably with 
the results of the CEA arm in the SAPPHIRE trial, the only randomized data set to 
defi ne the outcomes of CEA in this patient population. These results also compare 
favorably with ACAS and ACST surgical results of approximately 3 % 30-day 
stroke/death in low-surgical-risk patients who are also at lower risk of stroke or 
death perioperatively. Based on these data, it is clear that in the high-risk patient 
with symptomatic ICA stenosis, CAS with EPD is the treatment of choice. 

 The SAPPHIRE study results clearly showed that CEA carries a markedly ele-
vated risk to asymptomatic high-risk patients. Although it appears that in asymp-
tomatic high-surgical-risk patients CAS has similar complication rates to 
low-surgical-risk CEA patients, the overall benefi t in the high-surgical-risk popula-
tion is not clear, and therefore, a defi nitive statement cannot be made on the best 
treatment option for these patients. For some of these patients, medical therapy may 
be the best treatment. A clinical trial evaluating CAS vs. medical therapy in asymp-
tomatic high-risk patients may help to answer this question. 

 Four recent studies have greatly clouded the issue of CEA vs. CAS in standard-
surgical- risk patients. The CaRESS trial was a non-randomized study with “real- 
world allocation” of 397 primarily asymptomatic patients that found no statistical 
difference in death/stroke/MI at 30 days (4.4 % vs. 2.1 %) or 1 year (14.3 % vs. 
10.9 %) with CEA compared to protected CAS, respectively [ 11 ]. The SPACE trial 
was a randomized comparison of CEA vs. CAS in 1,183 symptomatic patients [ 12 ]. 
Not surprisingly, since less than 30 % of patients were treated with embolic preven-
tion devices contrary to the accepted standard of care, there was no difference in 
outcomes at 30 days (6.34 % vs. 6.84 %,  p  = 0.09). This study effectively replicated 
the results of the earlier CAVATAS trial and adds no new data except to confi rm that 
CAS without embolic prevention devices is not safe. The most problematic study 
was the EVA-3S study of 527 randomized patients with symptomatic stenosis [ 13 ]. 
This study was conducted with poor standardization of CAS technique including 
the inconsistent use of dual antiplatelet therapy, incomplete use of EPD, no angio-
graphic exclusion criteria for CAS patients but with high-risk exclusion for CEA 
patients, and most importantly very low CAS operator experience with some opera-
tors having performed only fi ve cases prior to randomizing patients. Not surpris-
ingly, the complication rates were unacceptably high in the CAS arm compared to 
the CEA arm, 9.6 % vs. 3.9 %, respectively. The fi nal study was the International 
Carotid Stenting Study (ICSS), which was a randomized trial of CEA vs. CAS in 
symptomatic normal-surgical-risk patients [ 14 ]. In that trial the use of EPD was the 
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discretion of the operator and approximately 20 % of patients were treated without 
an EPD. Also operators did not have to have extensive experience in performing 
CAS. They could be supervised by an experienced operator, and experience was 
defi ned having performed 50 stent procedures anywhere in the body, of which a 
minimum of 10 were required to be carotid artery procedures. That trial showed that 
the 30-day stroke/MI/death rate was 8.5 % with CAS and 5.1 % with CEA 
( p  = 0.004). 

 The most important trial of CAS, the  C arotid  R evascularization  E ndarterectomy 
vs.  S tent  T rial (CREST), was actually started in 2000 but took 10 years to complete 
[ 15 ]. The initial purpose of CREST was to compare protected CAS vs. CEA in low-
surgical- risk symptomatic patients, but due to slow enrollment it was expanded to 
include asymptomatic low-surgical-risk patients in 2005. Both the National 
Institutes of Health (NIH) and Guidant (now Abbott Vascular) sponsored CREST. It 
was designed as a 2,500-patient superiority trial with equal randomization between 
CEA and protected CAS using the Accunet™ embolic prevention device (“when-
ever feasible”) and Acculink™ carotid stenting system (Abbott Vascular Inc.). 
Symptomatic patients with a carotid bifurcation stenosis ≥50 % in severity on angi-
ography, ≥70 % on ultrasonography, or ≥70 % on computed tomography angiogra-
phy or magnetic resonance angiography were enrolled. Asymptomatic patients were 
enrolled with a stenosis ≥60 % by angiography, ≥70 % on ultrasonography, or 
≥80 % on computed tomography angiography or magnetic resonance angiography 
if the stenosis on ultrasonography was 50–69 %. In addition to the exclusion of 
high-surgical-risk patients, the study excluded patients who had contraindications 
to CAS such as severe tortuosity, extensive or diffuse atherosclerotic disease 
 involving the aortic arch and proximal common carotid artery, an intraluminal fi ll-
ing defect, ipsilateral intracranial or extracranial arterial stenosis more severe than 
the lesion to be treated, and occlusion or “string sign” >1 cm of the ipsilateral com-
mon or ICA. Aspirin in the CEA arm and dual antiplatelet therapy (aspirin 325 mg 
plus clopidogrel 75 mg or ticlopidine) in the CAS arm were mandated for at least 30 
days, with aspirin in all patients thereafter. 

 Importantly, the study included a rigorous vetting of interventionists with a lead-
 in/credentialing phase of approximately 20 patients per interventionist [ 16 ]. In fact 
only 225 (52 %) of 429 interventionists were approved for randomization. Those 
who were refused outright had a median case experience of 12, range 1–56; these 
operators would have qualifi ed for EVA-3S and ICSS. 

 The study primary endpoint consisted of the composite of any periprocedural 
(i.e., within 30 days) stroke, MI, or death and ipsilateral stroke within 4 years of 
randomization. Patients underwent independent neurological evaluations. 

 A total of 2,522 patients were enrolled (1,271 CAS and 1,251 CEA) with a 
median follow-up of 2.5 years. Approximately 5.4 % of the CAS patients and 8.8 % 
of the CEA patients were lost to follow-up or withdrew consent. The patients were 
very well matched other than a slightly higher preponderance of patients with dys-
lipidemia in the CEA group (85.8 % vs. 82.9 %,  p  = 0.05) and more smoking in the 
CAS group during follow-up (21.8 % vs. 13.8 %,  p  = 0.03). The median time to 
treatment from randomization was similar (6 days for CAS and 7 days for CEA). 
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The majority of the CEA were performed under general anesthesia (90 %) and most 
had a patch (62.4 %) or shunt (56.7 %). The overwhelming majority of CAS were 
performed with embolic protection device (96.1 %), and most had pre-dilatation 
before stenting (67.7 %). There were a high rate (12.1 %) of CAS patients not taking 
dual antiplatelet agents for the full 4 weeks and a high rate of no aspirin use among 
CEA patients (8.9 %). 

 CREST showed no difference in the primary study endpoint of stroke/MI/death 
within 30 days [CAS 5.2 ± 0.6 vs. CEA 4.5 ± 0.6, hazard ratio (HR) 1.18 (0.82 to 
1.68),  p  = 0.38] or up to 4 years [CAS 7.2 ± 0.8 vs. CEA 6.8 ± 0.8, HR 1.11 (0.81 to 
1.51),  p  = 0.51]. There was no difference in the individual endpoint of periproce-
dural death (CAS 0.7 ± 0.2 vs. CEA 0.3 ± 0.2,  p  = 0.18), but there was a difference 
for any periprocedural stroke [CAS 4.1 ± 0.6 vs. CEA 2.3 ± 0.4, HR 1.79 (1.14 to 
2.82),  p  = 0.01] or MI [CAS 1.1 ± 0.3 vs. CEA 2.3 ± 0.4, HR 0.50 (0.26 to 0.94), 
 p  = 0.03]. Following the periprocedural period, the incidence of ipsilateral stroke 
was similar (CEA 2.4 % vs. CAS 2.0 %,  p  = 0.85) as was the risk of fatal stroke 
(CAS  N  = 7 vs. CEA  N  = 6). There was no difference in the primary endpoint during 
the perioperative period among symptomatic patients [CAS 6.7 % vs. CEA 5.4 %, 
HR 1.26 (0.81–1.96)] or asymptomatic patients [CAS 3.5 % vs. CEA 3.6 %, HR 
1.02 (0.55 to 1.86)]. There was no interaction between sex and symptomatic status 
and treatment effect although there was an interaction between age and effi cacy 
( p  = 0.02). The crossover point for age was at approximately 70 years with greater 
effi cacy with CAS in younger patients and greater effi cacy with CEA for older 
patients. The risk of cranial neuropathy was signifi cantly higher in the CEA group 
(0.3 % vs. 4.7 %). 

 The CREST trial, the fi rst trial to compare protected CAS vs. CEA in standard-
surgical- risk symptomatic and asymptomatic patients, has shown that both proce-
dures are equivalent in perioperative morbidity and mortality as well as long-term 
stroke prevention. There was a clear difference however in the risk of perioperative 
stroke with an increased risk in the endovascular group; most of these strokes were 
minor. 

 Conversely, there was a higher risk of MI in the surgical group. Importantly, the 
30-day outcomes were similar for both procedures to the accepted thresholds for 
clinical benefi t compared to medical therapy, i.e., <6 % for symptomatic (6 % 
stroke/death with CREST CAS and 3.2 % for CREST CEA) and <3 % for asymp-
tomatic patients (in CREST the rate of 30-day stroke/death with CAS was 2.3 % for 
ACAS-eligible patients). It is important to note that the stroke rate declined over 
time in the CREST trial and if the results from the latter half of the study were uti-
lized there would have been no difference in stroke rate with CEA. This highlights 
the importance of case experience and improved patient selection. 

 These results contradict the results of the three randomized European trials dis-
cussed earlier [ 12 – 14 ]. The EVA-3S, ICSS, and SPACE trial results have greatly 
reduced the enthusiasm for CAS and have blocked the expansion of CMS coverage 
for CAS. Taken at face value, this cooling of enthusiasm is understandable; how-
ever, all randomized trials are not created equal, and the results of these trials have 
to be reconciled with those of the CREST trial and the registries. As with the early 
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trials of CEA, the differences in outcomes have to do with patient and operator 
selection as well as procedural techniques. Several editorials have highlighted the 
many limitations of these trials and (Table  4.2 ) highlighted the differences and 
 possible explanations for the differing results.

   Carotid artery stenting can be performed in nearly all patients (98.6 % in 
SAPPHIRE). The remainder may be better treated medically or surgically (Table  4.3  
lists the relative contraindications to CAS). There are two groups of patients for 
whom the ideal therapy is unknown. The fi rst are patients who have an intraluminal 
fi lling defect (i.e., thrombus) within the stenotic segment. In NASCET these patients 
had an 18–22 % risk of perioperative stroke. Such patients have not been enrolled in 
the trials of CAS, and it is generally agreed that they may also have a high stroke 
risk with CAS. In these patients a short period of anticoagulation may be appropri-
ate followed by CEA or CAS when the thrombus resolves. The other and far larger 
group of patients is those over the age of 80. These patients were mostly excluded 
from the trials of CEA and are known to have a higher perioperative complication 
rate than younger patients. With CAS, however, the elderly appear to have a higher 

   Table 4.2    Comparison of CAS trial protocols   

 SAPPHIRE  CAVATAS  EVA-3S  SPACE  ICS  CREST 

 Stenting  ✓  X  ✓  ✓  ✓  ✓ 
 EPD mandatory  ✓  X  ✓  X  X  ✓ 
 Experienced 
operators 

 ✓  X  X  X  X  ✓ 

 Dual antiplatelet 
Tx 

 ✓  X  X  ✓     ✓?  ✓ 

 Angiographic 
exclusions 

 ✓  X a   X  X  ✓  ✓ 

 Independent 
neurologist 

 ✓  ✓? b   ✓  ✓  ✓? b   ✓ 

 No general 
anesthesia 

 ✓?  ✓?  X  X  ✓?  √ 

 Symptomatic 
defi nition 

 3 months  >6 months  4 
months 

 6 
months 

 12 
months 

 6 
months 

 Angiography in 
all patients 

 X  X  X  X  X  X 

   a Only if known pre-procedure, no crossovers allowed 
  b Neurologist or “physician interested in stroke”  

  Table 4.3    Contraindications 
to CAS  

 Severe vascular tortuosity 
 Poor arterial access 
 Coagulation or platelet disorder that precludes adequate 
antithrombotic agent use 
 Severe, circumferential target lesion calcifi cation 
 Target lesion length >15 mm 
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rate of complications [ 9 ,  15 ]. In the CREST trial lead-in phase ( N  = 1,246), 
 octogenarians had a 12.1 % 30-day stroke/death rate. At this time therefore a con-
clusion cannot be drawn on the optimal treatment for octogenarians, but medical 
therapy alone should be given strong consideration since CEA also carries a nearly 
12 % complication rate in those over age 75.

   The long-term patency of the two procedures appears comparable. In a 2-year 
follow-up period of the CREST population, severe restenosis and occlusion were 
infrequent (approximately 6 %), and rates were similar between the CEA and 
CAS groups [ 17 ]. 

 There are several issues that have not yet been addressed by the published results, 
e.g., newer embolic prevention devices and stents are available; might one or several 
of them be associated with lower stroke rates? There have been debates about the 
type of stent used with some suggestion that closed-cell stents are associated with 
lower periprocedural stroke [ 18 ]. Proximal occlusion EPDs have also been touted as 
superior at stroke prevention, but they have some limitations such as larger bore 
femoral access and increased probability of intolerance to the occlusion of ante-
grade fl ow. In a large single-center registry of 1,300 patients treated with proximal 
occlusion, the 30-day stroke/death rate was 1.38 % with independent neurological 
assessment at 24 h and 30 days [ 19 ]. In a meta-analysis of 2,397 patients from 6 
independent databases, Bersin et al. found that the composite of stroke/MI/death 
occurred in 2.25 % of cases [ 20 ]. So while these data are tantalizing, there are no 
defi nitive randomized trial data that show one type of EPD device is superior to 
another. Clinicians should, in the author’s opinion, become familiar with one or two 
devices/approaches and use them exclusively until there are defi nitive data on supe-
riority of one approach or device over another. 

 Also studies on which other factors predict complications are also needed. One 
such study pooled data on 2,104 patients from four Cordis Endovascular Inc.-
sponsored registries [ 21 ]. In that analysis the median age was 74 years (24 % 
>80 years), 36 % were female and 24.2 % of the patients were symptomatic. 
Multivariate predictors of the 4.2 % neurological deaths or strokes included older 
age (continuous), African-American race, angiographically visible thrombus in 
symptomatic patients, procedural use of glycoprotein IIb/IIIa inhibitor, procedural 
transient ischemic attack, fi nal residual stenosis >30 %, and periprocedural use of 
protamine or vasopressors. 

 Of particular interest is that in symptomatic patients, the risk of a neurological 
event declined with increasing time between incident event and CAS [ 22 ]. The issue 
of timing of CAS in symptomatic patients has been a major unanswered question. 
The vast clinical experience with CEA has clearly shown that earlier intervention is 
superior to delayed intervention in preventing recurrent ischemic stroke but comes 
at the cost of increased intracerebral hemorrhage [ 23 ]. The fear of reperfusion/
hyperperfusion ICH is perhaps more justifi ed with CAS since patients are treated 
with dual antiplatelet agents and are theoretically more likely to have ICH. The 
available literature has not corroborated those fears. To the contrary with adequate 
blood pressure control, the risk of the hyperperfusion syndrome can be mitigated 
[ 24 ,  25 ]. Early CAS can also be performed safely in selected patients [ 26 ]. 
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 To conclude, in high-surgical-risk patients, CAS is at least as safe as CEA and is 
the preferred treatment option in patients eligible for revascularization. Furthermore, 
the CREST trial has shown that protected CAS and CEA are both good options for 
the treatment of low-surgical-risk patients with carotid atherosclerosis with CAS 
better in younger patients and CEA better in older patients. 

   General Technique 

 CAS is performed under moderate sedation in order to avoid mental status impair-
ment and allow neurological assessment. The procedure includes fi ve steps: embolic 
protection device placement, pre-stenting angioplasty to facilitate passing the stent, 
stent delivery and deployment, post-stenting angioplasty, and retrieval of the protec-
tion device. Pre-procedural planning is essential for optimal outcome; planning can 
be based on noninvasive or angiographic imaging.

•     Preoperative Preparation  
 Antiplatelet therapy should be started at least 48 h before carotid artery stenting. 
In CREST patients received aspirin at a dose of 325 mg twice daily and clopido-
grel at a dose of 75 mg twice daily at least 48 h prior to CAS. When carotid artery 
stenting was scheduled within 48 h, 650 mg of aspirin and 450 mg of clopidogrel 
were given 4 or more hours before the procedure. After the procedure, patients 
received one or two 325 mg doses of aspirin daily for 30 days and either clopi-
dogrel, 75 mg daily, or ticlopidine, 250 mg twice daily, for 4 weeks. The continu-
ation of antiplatelet therapy for more than 4 weeks after the procedure was 
recommended for all patients who had undergone carotid artery stenting [ 15 ]  

•    Anesthesia  
 Sedation should be minimized in CAS. A brief neurological examination should 
be performed immediately prior to the procedure and after the post-dilatation 
angioplasty. Patients are asked to repeat a sentence, smile, squeeze with both 
hands, and wiggle toes. A complete neurological exam should be performed after 
the procedure.  

•    Procedural Steps 

 –     Anticoagulation:  A loading dose of IV heparin should be given after femoral 
arterial access is obtained to keep the activated clotting time (ACT) between 
250 and 300 s.  

 –    Hemodynamic changes:  Mechanisms of brain injury in CAS include both 
embolic and hemodynamic events. In a retrospective series of 500 patients 
who underwent CAS, hemodynamic depression defi ned as systolic blood 
pressure of <90 mmHg or bradycardia (heart rate of <60 beats/s) during 42 % 
of all procedures and was persistent in 17 % of patients. This was more com-
mon when the lesion involved the carotid bulb or was calcifi ed and was less 
common in patients with prior CEA. Patients who developed persistent HD 
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were at a signifi cantly increased risk of a periprocedural major adverse  clinical 
event [OR 3.05 (range 1.35–5.23),  p  < 0.02] or stroke [OR 3.34 (range 1.13–
9.90),  p  < 0.03] [ 27 ]. Close monitoring of blood pressure and heart rate is 
recommended during and after CAS; self-expanding stents can continue to 
expand in the fi rst 24 h after implantation and can result in persistent hypoten-
sion and/or bradycardia in some patients. Premedication with atropine may 
occasionally be needed in patients at risk of hemodynamic depression. 
Periprocedural hypertension should also be avoided, especially in patients at 
risk of hyperperfusion syndrome.  

 –   A three-vessel diagnostic arteriogram is recommended to evaluate the contra-
lateral internal carotid artery and the intracranial anterior and posterior circu-
lation. The diagnostic catheter is then exchanged to a 90-cm shuttle sheath 
over an exchange length 300-cm wire without contacting the atherosclerotic 
plaque. Alternatively, these steps can be achieved using the telescoping tech-
nique with a diagnostic 5-French catheter within a 6-French, 90-cm shuttle 
sheath, and a Glidewire. Securing the position of the shuttle sheath in the 
CCA is essential for adequate support during the fi ve stages of the 
procedure.      

•     Embolic protection devices (EPD):  Using proximal carotid occlusion or distal 
protection can decrease the risk of cerebral embolization during CAS. Théron 
et al. described the fi rst protection device in 1990; their technique involved tem-
porary occlusion of the cervical ICA distal to the lesion by a nondetachable latex 
balloon [ 28 ]. 

 Many EPDs have been introduced since then; adequate selection of a protec-
tion device requires good knowledge of their functions and shortfalls. In the 
updated review of the global carotid artery stent registry, the rate of strokes and 
procedurally related deaths was 5.29 % in the 6,753 cases done without protec-
tion and 2.23 % in the 4,221 cases with cerebral protection [ 29 ].

 –    Distal balloon occlusion: This technique is not commonly used in the 
USA. The best-known off-label distal balloon occlusion system is the 
GuardWire Temporary Occlusion and Aspiration System (Medtronic AVE, 
Santa Rosa, CA).  

 –   Filter devices: The most commonly used EPDs; they are fi ltration membranes 
placed beyond the ICA lesion in a straight segment and can capture medium 
to large (>100-μm) debris. Their performance depends on their “crossing pro-
fi le” or delivery system and “capturing profi le” which depend on fi lter wall 
opposition and the size of pores. Table  4.4  summarizes the main features of 
the currently available fi lter devices. The limitations of fi lter devices include: 
crossing the lesion prior to protection which can result in distal embolization, 
generating spasm in the ICA if the device cannot be advanced to petrous ICA 
segment, emboli can be dislodged from the fi lter during fi lter retrieval, and 
emboli may pass the device due to poor wall opposition or through the pores 
of the device (microemboli).
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 –      Proximal balloon occlusion: This technique involves infl ation of a balloon in 
the CCA and a balloon in the ECA with the advantage of providing protection 
before crossing the lesion. It does not require a distal landing zone for the 
EPD and could potentially minimize the risk of ICA dissection and retrieval 
complications. The MO.MA device (Invatec, Roncadelle, Italy) requires a 
minimum sheath size of 8 French and a 0.035″ guidewire. The balloon occlu-
sion range is up to 13 mm in the CCA balloon and 6 mm in the ECA balloon 
with the goal of providing static blood column at the carotid bifurcation. At 
the end of procedure, aspiration with at least three 20-cm 3  syringes is per-
formed before defl ating the balloons. The Parodi Anti-Emboli System (W. L. 
Gore & Associates, Flagstaff, AZ) requires an 11-Fr. sheath. This technique 
cannot be used in patients with severe ECA disease and can be limited some-
times by occlusion intolerance.     

•    Pre-dilatation:  The aim of this step is to allow the passage of the stent; a low- 
profi le coronary balloon is usually used. Oversizing should be avoided as it can 
increase the risk of embolic events.  

•    Stents:  The majority of stents in use for CAS are self-expanding. Balloon- 
expandable stents have fallen out of favor due to their propensity to deform and 
their diffi cult delivery. The stent should be sized appropriately to allow complete 
opposition to the CCA lumen. Stents can have an open-cell or closed-cell design 
and can be tapered to accommodate the difference in size between the CCA and 
the ICA if the stent is intended to extend between the two vessels. All stents are 
made of nitinol except for Wallstent (Boston Scientifi c; Natick, MA), which are 
made of stainless steel. Slow stent deployment is essential to optimize the stent 
position; nitinol stents can store energy and slide forward during deployment. 
The following stents are the most commonly used in the USA:

   Table 4.4    Filter devices   

 Delivery 
system 

 Crossing 
profi le 

 Pore size 
(μm)  Trials 

 FDA 
approved 

 Accunet  Wire 
mounted 

 3.5–3.7 Fr  120  ARCHeR, CREST, 
CAPTURE 

 Yes 

 SpideRX  Bare wire  2.9 Fr  50–300  CREATE II  No 
 ANGIOGUARD  Wire 

mounted 
 3.2–3.9 Fr  100  SAPPHIRE, 

CASES 
 No 

 Emboshield  Bare wire  3.7–3.9 Fr  120  EXACT, 
SECURITY 

 No 

 FilterWireEX  Wire 
mounted 

 3.2 Fr  110  BEACH, 
CABERNET 

 No 

 Rubicon  Wire 
mounted 

 2.1 Fr  100  No 

 Interceptor PLUS  Wire 
mounted 

 2.7 Fr  1,400  MAVERIC III  No 
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  Open-Cell Design 

 –   Acculink (Abbott Laboratories, Abbott Park, IL): tapered  
 –   PRECISE (Cordis Neurovascular, Miami Lakes, FL): auto-taper  
 –   Protégé (Covidien, Irvine, CA): tapered   

  Closed-Cell Design 

 –   Xact (Abbott Laboratories, Abbott Park, IL): tapered  
 –   Wallstent (Boston Scientifi c Scimed, Maple Grove, MN): tapered       

 The stent diameter is usually selected based on the diameter of the ICA; the distal 
end of the stent is usually oversized by 1–2 mm. High frame rate cine is usually used 
to deploy the stent with the vertebral anatomy used for landmarks after a cine run is 
obtained. 

  Post-dilatation:  This is usually performed using monorail peripheral balloons sized 
at 1.5 mm less than the diameter of the stent used. A residual stenosis of 20 % is 
acceptable in most cases.

•     Management of Complications During CAS  
 Complications of carotid artery stenting are largely preventable [ 30 ]. Secure 
shuttle sheath access to the distal CCA, and adequate selection of EPD can mini-
mize the risk of embolic complications. Hemodynamic monitoring during and 
after the procedure can also minimize the risk of hemodynamic depression and 
reperfusion injury.

 –     Hemodynamic depression:  Timely administration of atropine or glycopyrro-
late prior to balloon dilatation helps in preventing baroreceptor stimulation 
leading to severe bradycardia and hypotension in patients at risk of hemody-
namic depression. Mild hypotension is commonly seen after the procedure 
and should only be treated if symptomatic.  

 –    In-stent fi lling defect : This can be due to thrombus formation or plaque pro-
lapse. A thrombus can result in diffuse haziness or a fi lling defect inside or at 
the edge of the stent. Incidence of this complication ranges from 0.04 to 2 % 
[ 31 ,  32 ]. This can be treated with intra-arterial administration of abciximab or 
recombinant tissue plasminogen activator (r-tPA). These treatments can theo-
retically increase the risk of intracranial hemorrhage especially in patients 
with recent cerebral infarcts. Thrombus formation is more frequently seen in 
patients who were not adequately treated with dual antiplatelet therapy prior 
to the procedure but can also indicate resistance to clopidogrel or aspirin.  

 –    Plaque prolapse : It can be treated with in-stent balloon infl ation or implanta-
tion of a second stent.  

 –    Emboli:  Cerebral emboli can occur despite meticulous CAS technique; a 
rapid neurological evaluation should be performed if this complication is sus-
pected. Symptomatic large emboli should be treated with mechanical embo-
lectomy if the MCA or the ACA is occluded. Small symptomatic emboli to 
distal ACA or MCA branches can be treated with intra-arterial recombinant 
tissue plasminogen activator or a bolus of GpIIb/IIIa inhibitors.  
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 –    Inadequate stent placement:  This can be due to inadvertent stent migration or 
technical error. Placement of a second stent is usually necessary for adequate 
plaque coverage.  

 –    Carotid dissection:  This is more common in the ICA and usually occurs dur-
ing EPD placement or retrieval. A fl ow-limiting or spiral dissection should be 
treated with stent placement. A non-fl ow-limiting dissection can be monitored 
with a follow-up carotid ultrasound or CT angiography.  

 –    Filter-related complications:  EPD-induced spasm can occur in up to 3.8 % of 
patients when a fi lter device is used [ 33 ]. This is usually self-limited but can 
be treated with intra-arterial spasmolytic administration if it persisted or is 
thought to be symptomatic. Filter occlusion was seen in 4.9 % of patients in 
one series; it is usually due to the entrapment of a large load of embolic mate-
rial in the basket and does not seem to correlate with the type of the fi lter used 
[ 34 ]. If managed appropriately, most patients with this complication do not 
suffer any neurological complications. This is usually managed by aspiration 
with special catheters at the fi lter site and retrieval of the device into the aspi-
ration catheter or EPD recovery without full withdrawal into the retrieval 
catheter to avoid migration of the debris. 

 –  Filter retrieval can sometimes be diffi cult due to tortuous anatomy or altered 
confi guration of the ICA after stent placement. This has to be managed care-
fully to avoid fi lter disruption; forceful pulling of the EPD should be avoided 
as it can lodge into the stent struts. Neck rotation and swallowing can some-
times facilitate advancing the retrieval sheath. Adequate shuttle sheath or 
guide catheter support is necessary to pass the retrieval sheath through the 
stent. A diagnostic 5-Fr. catheter with a mild shape can also be used to retrieve 
the EPD.  

 –    Hyperperfusion syndrome:  see Chap.   3    .  
 –    Contrast encephalopathy:  see Chap.   3    .        

   Illustrative Case 1 

 A 70-year-old man presented with sudden-onset right arm weakness and speech 
impairment. His symptoms improved after several days of hospitalization, but a 
small middle cerebral artery territory stroke was seen on MRI. MR angiography 
showed high-grade left internal carotid artery stenosis and occlusion of the right 
internal carotid artery. Given this high-risk feature (contralateral carotid occlusion), 
the patient was loaded with clopidogrel (300 mg) and started on aspirin in prepara-
tion for carotid artery stenting. 

 The procedure was performed under monitored anesthesia care. Central venous 
access was obtained to facilitate the use of vasopressor agents post-procedurally 
as needed. An arterial line was placed for continuous hemodynamic monitoring. 
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An aortic arch angiogram was performed utilizing a 5-Fr. 100-cm pigtail catheter. 
A 7-Fr. 90-cm Flexor Shuttle guiding sheath (Cook Medical; Bloomington, IN) 
and 6-Fr. 125-cm Simmons II Slip Cath (Cook Medical; Bloomington, IN) along 
with a stiff 0.035-in. Glidewire (Terumo; Somerset, NJ) were used to select the 
left common carotid artery. Once arterial access was obtained, 100 U/kg of 
unfractionated heparin was administered to achieve an activated clotting time 
(ACT) of  > 250 s. The Glidewire and Slip Cath were removed and a baseline cer-
vical and cerebral angiogram was performed (Fig.  4.2a ). A 0.014-in. Transcend 
Floppy (Stryker, Kalamazoo, MI) wire was used to cross the stenosis and was 
positioned within the petrous carotid segment. A 6-mm SpideRX (Covidien; 
Irvine, CA) EPD was navigated across the stenosis and deployed within the distal 
cervical carotid artery. Over the fi lter wire a 2 mm × 20 mm Maverick (Boston 
Scientifi c; Natick, MA), monorail, angioplasty balloon was navigated and infl ated 
to nominal pressure within the stenosis. The balloon was removed and an 8 mm 
to 6 mm × 40 cm Xact (Abbott; Chicago, IL) carotid stent was deployed. The 
patient’s heart rate was in the 50 s, and 0.6 mg of atropine was administered intra-
venously prior to post-stent angioplasty. A 5 mm × 20 mm, monorail AVIATOR 
balloon catheter was positioned with the residual stenotic lesion and infl ated to 
nominal pressure. A post-angioplasty angiogram of the neck and head was per-
formed (Fig.  4.2b ).

  Fig. 4.2    Lateral projection angiogram showing high-grade carotid bulb stenosis ( a ) and resolution 
post-stenting with EPD ( b )       
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       Extracranial Vertebral Artery Stenosis 

 Extracranial vertebral artery (VA) stenosis and great vessel (i.e., ostial common 
carotid, innominate and subclavian arteries) stenosis are less common but impor-
tant causes of stroke that are often overlooked in the evaluation of patients with 
stroke. Of vertebrobasilar territory strokes, VA origin (ostial) disease accounts for 
approximately 20 %. Most often VA stenosis is a source of emboli to the basilar 
and posterior artery territories; however, in cases of bilateral severe VA stenoses or 
in situations in which one VA is hypoplastic and the other severely stenotic, symp-
toms of true vertebrobasilar insuffi ciency (VBI) may occur. The clinical presence 
of true VBI associated with extracranial VA stenosis mimics intracranial basilar 
artery stenosis both in symptomatology and the high risk of stroke as noted in the 
WASID trial. Much like cervical ICA stenosis, VA stenosis can be treated with 
endarterectomy, angioplasty, and stenting, as well as surgical bypass. The former 
is uncommonly performed because of the high surgical morbidity associated with 
the surgical exposure. Angioplasty and stenting can be generally easily performed 
with extremely low complication rates of approximately 1–2 % in experienced 
hands. The drawback to VA ostial intervention is a high rate of restenosis of 
30–50 %. This can be overcome with the use of drug-eluting coronary stents used 
off-label. In fact all VA ostial stenting is off-label as there are no FDA-approved 
devices for this location. 

   General Technique 

•      Preoperative preparation:  As with all neurovascular stenting, patients must be 
pretreated with dual antiplatelet therapy. Aspirin 325 mg for 3 days and clopido-
grel 75 mg daily for 5 days is one effective regimen.  

•    Anesthesia:  These brief, minimally stimulating procedures are done under local 
anesthesia with light sedation.  

•    Procedural steps:  VA origin stenting is usually performed through 6-Fr. guiding 
catheter placed in the subclavian artery. A buddy wire can be place into the bra-
chial artery to provide support in patients with tortuous anatomy. A microcathe-
ter can facilitate passing a 0.014-in. wire through the lesion but is usually 
unnecessary. An EPD can be used although the retrieval process can be challeng-
ing at times. Once the microwire tip is positioned at the v2/V3 junction, a mono-
rail, balloon-mounted stent is positioned across the lesion and deployed at 
nominal or supra-nominal pressures. The ideal stent position allows for 1–2-mm 
overhang into the subclavian artery.  

•    Post-procedural considerations:  Dual antiplatelet agents must be continued for a 
minimum of 6 weeks post-stenting. When drug-eluting stents are utilized, aspirin 
and clopidogrel should be continued for a minimum of 12 months. Close angio-
graphic follow-up at 6 months, 12 months, and 24 months should be performed 
to detect in-stent stenosis.     
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   Illustrative Case 2 

 A 58-year-old man with a history of multiple coronary artery stents was admitted 
with sudden-onset dizziness, nausea, and visual impairment. MRI revealed several 
punctate acute infarcts affecting the left cerebellar hemisphere and left occipital 
lobe. A CT angiogram showed a hypoplastic right vertebral artery ending in PICA 
and a focal stenosis at the left V1 segment. The patient was started on dual antiplate-
let therapy in preparation for catheter angiography and possible stenting. 

 The procedure was performed under conscious sedation under the supervision of 
the interventionalist. Right femoral access was obtained with a 6-Fr. 35-cm BRITE 
TIP introducer sheath (Cordis; Bridgewater, NJ). Heparin is administered to obtain an 
activated clotting time 1.5–2.0 times the baseline value. A 6-Fr. MPC ENVOY 
(Codman Neurovascular; Raynham, MA) guiding catheter is then positioned in the 
subclavian artery in proximity to the vertebral artery origin (Fig.  4.3a ). A 0.014-in. 
Transcend Floppy microwire was used to cross the stenotic lesion under roadmap 
guidance. A 3.5 mm × 23 mm, monorail, balloon-mounted XIENCE everolimus- 
eluting stent (Abbott; Chicago, IL) was used to navigate across the stenosis. The stent 
was deployed across the stenosis allowing for 2 mm of stent overhang into the subcla-
vian artery to ensure coverage of the ostium of the vertebral artery (Fig.  4.3b ). Dual 
antiplatelet therapy was continued for 12 months and aspirin was continued for life.

  Fig. 4.3    Left anterior oblique angiogram showing high-grade vertebral artery origin stenosis ( a ) 
with resolution post-stenting ( b )       
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       Great Vessel Stenosis 

 It is not clear what percent of stroke is due to great vessel stenosis but it is thought 
to be <5 % (Fig.  4.4a ). Common carotid artery ostial stenoses may cause cerebral 
ischemia via embolization or more often hemodynamic compromise. Subclavian 
stenosis is well recognized as a cause of the subclavian steal syndrome, but innomi-
nate disease may also cause arm ischemia, TIA, and embolic stroke. Since stenoses 
in these locations may be treatable, it is important to search for them as potential 
causes. Ultrasonography is a poor modality for imaging these vessels, and they are 
best evaluated with computerized tomography angiography (CTA) or contrast- 
enhanced magnetic resonance angiography (MRA). Surgery on the great vessels 
typically consists of arterial bypasses but is associated with signifi cant morbidity.

     General Technique 

 Angioplasty and stenting of great vessel stenosis can be performed with low mor-
bidity and mortality:

•     Preoperative considerations:  Once again, dual antiplatelet therapy is essential to 
safe neurovascular stenting. Pre-procedural planning with a separate catheter 
angiogram should be considered to allow selection of the optimal approach and 
equipment.  

•    Anesthesia:  Most procedures are performed under conscious sedation. However, 
general anesthesia may facilitate treatment through mechanically induced apneic 
periods and enhanced imaging clarity.  

  Fig. 4.4    Left anterior oblique angiogram showing severe proximal left common carotid artery 
stenosis ( a ) with resolution post-stenting ( b )       
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•    Procedural steps : All procedures are done under therapeutic heparinization with 
a goal activated clotting time of  >  250 s. Selection of a large, stable base system 
is essential to great vessel stenting. The guiding catheter or sheath will remain in 
the aortic arch and lacks the buttress of a vessel wall to support its position. 
An angled tip or headhunter tip 8-Fr. guide catheter is often suitable. The use of 
a “buddy” wire creates additional stability and can be positioned within the 
external carotid artery (common carotid stenosis) or brachial artery (innominate 
or subclavian stenosis). The use of an EPD within the internal carotid artery is 
recommended in CCA stenting procedures, but these devices may not be com-
patible with the 0.035-in. peripheral balloon-expandable stents most commonly 
required (Fig.  4.4b ).  

•    Post-procedural care : Dual antiplatelet therapy is maintained for a minimum of 
6 weeks. Perioperative cardiac events are less common than post-carotid bulb 
stenting, but perioperative stroke and hemorrhage remain a concern.         
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           Introduction 

 One of the most common causes of ischemic stroke worldwide is intracranial ath-
erosclerotic disease (ICAD). However, our understanding of the most appropriate 
treatment of this complex disease with a high recurrence rate of stroke remains 
limited. Although medical therapy has lowered the risk of stroke, the recurrence of 
stroke rate still remains overall high at 1 and 2 years follow-up. Certain high-risk 
ICAD patients may derive benefi t from endovascular therapy. We will review the 
natural history, epidemiology, and current treatment options including surgical, 
medical, and endovascular management of ICAD while highlighting the recent lit-
erature in the fi eld. We will concentrate and conclude with an in-depth look at endo-
vascular treatment options including equipment and methods.  

   Natural History/Epidemiology 

 Intracranial atherosclerotic disease (ICAD) is a common cause of stroke worldwide, 
affl icting the Black, Asian, and Hispanic populations at a higher rate than Whites 
with strokes [ 1 ,  2 ]. ICAD is found in an estimated 10 % of stroke patients in the 
USA, while in Asia, it accounts for approximately 30–50 % of all strokes [ 3 ,  4 ]. 
Age, hypertension, smoking, diabetes mellitus, hypercholesterolemia, and meta-
bolic syndrome are all risk factors for ICAD [ 5 ,  6 ]. Although the high rate of certain 
uncontrolled risk factors partially accounts for the increased incidence of ICAD in 
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African-Americans [ 7 – 10 ], the rates of these risk factors do not differ signifi cantly 
in the Chinese population and do not account for the signifi cant burden of ICAD in 
this population [ 11 – 13 ]. 

 The warfarin versus aspirin for symptomatic intracranial disease (WASID) trial 
data revealed that patients with symptomatic ICAD carry a high risk of subsequent 
stroke [ 14 – 16 ]. Despite the use of aspirin and management of risk factors, patients 
with a recent transient ischemic attack or stroke and a stenosis of ≥70 % had a 23 % 
risk of stroke at 1 year [ 15 ,  17 – 19 ]. Currently the risk with best medical therapy and 
lifestyle modifi cation including blood pressure reduction, smoking cessation, 
weight loss, cholesterol reduction, and dual antiplatelet therapy remains at a high 
12.2–15 % [ 16 ,  20 ].  

   Clinical Presentations 

 Ischemic stroke or transient ischemic attack (TIA) is the classic presenting symp-
tom of ICAD [ 21 ,  22 ]. There can be various clinical presentations including isolated 
motor or sensory involvement and/or cortical function impairments depending on 
the location of ischemia [ 16 ,  23 – 25 ]. Cognitive defi cits, like impairment of execu-
tive function and anterograde amnesia, can occur with infarcts involving the ante-
rior-medial thalamus, caudate nucleus, or cerebral cortical or white matter areas 
[ 26 – 28 ]. White matter degeneration, hypoperfusion, and hypometabolism may lead 
to cognitive changes in the absence of infarcts [ 1 ,  29 ].  

   Diagnosis 

 Imaging is used to detect intracranial stenosis; to ascertain the degree and length of 
stenosis; to differentiate the atherosclerotic stenosis from mimics such as a recana-
lized partial thrombus, intracranial dissection, or non-atherosclerotic vasculopathy; 
and to assess the state of collateral circulation.  

   Differential Diagnosis 

 Anatomic arterial narrowing detected on imaging studies may be due to a variety of 
pathologies, and determining which is causal in a specifi c patient can be challeng-
ing. Mimics include partially recanalized thrombus, intracranial dissection, vasculi-
tis, vasculopathy, and vasospasm. A careful analysis of the clinical scenario along 
with repeated multimodal imaging may be required to distinguish between these 
mimics. A detailed history regarding prior peripheral atherosclerotic disease, diag-
nosis of coronary disease, or the presence of atherosclerotic risk factors can help in 
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identifying non-atherosclerotic etiologies of stenosis [ 3 ,  30 ]. In the setting of acute 
stroke, partially recanalized thrombus mimics intracranial atherosclerosis but will 
usually have resolved on repeat imaging [ 5 ,  31 ,  32 ]. The presence of a severe head-
ache and diffuse intracranial narrowing might also suggest reversible vasoconstric-
tive syndrome. Overall, limited data exists on the radiopathologic correlations for 
intracranial arterial stenotic diseases, but studies of extracranial vessel imaging with 
pathologic correlation have shown infl ammatory conditions to be associated with 
concentric, circumferential wall thickening and enhancement, while atherosclerotic 
disease is frequently eccentric [ 7 ,  9 ,  33 ].  

   Mechanisms of Symptoms 

 Ischemia from ICAD can be due to hypoperfusion, in situ thromboembolism, or 
perforator orifi ce occlusion [ 11 ,  13 ,  34 ,  35 ]. A combination of local branch occlu-
sion and embolism, with or without hemodynamic compromise, can occur concur-
rently [ 11 ,  14 ,  16 ]. Similarly, in situ thrombosis followed by distal arterial embolism, 
in addition to delayed washout of emboli due to hypoperfusion, can be present at the 
same time. 

 Imaging may help in delineating the stroke mechanisms though sometimes one 
imaging pattern can be produced by a combination of mechanisms. Border zone 
infarcts are suggestive of hypoperfusion, territorial infarcts point to peripheral 
embolism, and deep subcortical infarcts are indicative of perforator artery orifi ce 
occlusion [ 17 ,  18 ,  36 ]. In a study investigating lesion patterns on diffusion-weighted 
imaging (DWI) for middle cerebral artery atherosclerotic disease, 15 (83.3 %) of 18 
patients with border zone infarcts had concomitant infarcts suggestive of either 
peripheral embolism (territorial infarcts) or perforator artery involvement (subcorti-
cal infarcts), indicating the coexistence of multiple mechanisms [ 16 ,  37 ]. Inferring 
the initial stroke mechanism is important, as it could be predictive of the risk of 
recurrent stroke or the mechanism of the next ischemic event. In an analysis of 
patients presenting with an index stroke in the WASID trial, the risk of recurrent 
stroke was similar in patients who presented with lacunar and non-lacunar strokes, 
and recurrent strokes in patients presenting with lacunar stroke were typically non- 
lacunar [ 21 ,  38 ].  

   Quantifi cation of Stenosis 

 Digital subtraction angiography (DSA) is considered the standard for the evaluation 
of intracranial stenosis. Excellent quantifi cation of luminal stenosis is allowed with 
high-resolution DSA. Calculation of the degree of stenosis on DSA uses the follow-
ing equation: [1 − ( D  stenosis / D  normal )] × 100, where  D  stenosis  = the diameter of the artery at 
the site of most severe degree of stenosis and  D  normal  = the diameter of the proximal 
normal artery (see Table  5.1  and Fig.  5.1 ) [ 23 ,  38 ].
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   Table 5.1    Measurement of intracranial stenosis using the WASID method   

 1. The diameter of the proximal part of the artery at its widest, non-tortuous, normal segment 
is chosen (fi rst choice) 

 2. If the proximal artery is diseased, the diameter of the distal portion of the artery at its widest, 
parallel, non-tortuous normal segment is substituted (second choice) 

 3. For the internal carotid artery disease involving the pre-cavernous, cavernous, and 
postcavernous segments, the petrous carotid segment with parallel margins is measured at its 
widest, non-tortuous, normal portion 

 4. If the entire petrous carotid is diseased, the most distal, parallel part of the extracranial 
internal carotid artery is substituted (second choice) 

  Fig. 5.1    Measurement of intracranial stenosis using the WASID method. ( a ) The diameter of the 
proximal part of the artery at its widest, non-tortuous, normal segment is chosen (fi rst choice). ( b ) 
If the proximal artery is diseased, the diameter of the distal portion of the artery at its widest, paral-
lel, non-tortuous normal segment is substituted (second choice). ( c ) For the internal carotid artery 
disease involving the pre-cavernous, cavernous, and postcavernous segments, the petrous carotid 
segment with parallel margins is measured at its widest, non-tortuous, normal portion. If the entire 
petrous carotid is diseased, the most distal, parallel part of the extracranial internal carotid artery 
is substituted (second choice)—not shown. ( d ) If the entire intracranial artery is diseased, the most 
distal, parallel, non-tortuous normal segment of the feeding artery is measured (third choice)       
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    For noninvasive modalities of evaluating ICAD, a study assessing the accuracy 
of TCD and MRA compared with DSA showed the TCD and MRA to have good 
negative predictive values of 86–91 % but low positive predictive values of 36–59 % 
[ 15 ,  26 ]. Another study comparing CTA with MRA, using DSA as the reference 
standard, CTA was shown to have a higher sensitivity, specifi city, and positive pre-
dictive value [ 29 ,  39 ]. The higher sensitivity and specifi city of CTA have been 
observed specifi cally for stenosis which is 50 % or higher [ 30 ]. As far as the evalu-
ation of small intracranial arteries, a study comparing multidetector CT (MDCT) 
angiography to DSA concluded that MDCT depicted ≥90 % of all examined small 
intracranial arteries compared to DSA, and the smallest arterial size reliably detected 
with CTA was 0.7 mm versus 0.4 mm for DSA.  

   Imaging of Vessel Wall 

 Vessel wall imaging can be achieved with high-resolution 3T MRI, intravascular 
ultrasound, and fat-suppressed T1-weighted MRI. High-resolution MRI can 
identify the thickness and pattern of protrusion [ 31 ,  32 ]. Intravascular ultrasound 
can be used for plaque components like calcium and lipid but is limited in its use 
due to its invasive nature [ 33 ]. Identifi cation of recent intra-plaque hemorrhage 
and infl ammation can be made with fat-suppressed T1-weighted MRI on which 
these plaques show increase in signal and enhancement after contrast injection 
[ 34 ,  35 ,  40 ,  41 ].  

   Collateral Assessment 

 The degree of collateral circulation is a powerful predictor of recurrent stroke in the 
setting of medical therapy for symptomatic ICAD [ 11 ,  42 ]. Impaired distal territory 
perfusion can be compensated for with good leptomeningeal collaterals. The ASITN 
collateral score (Table  5.2 ) is the most commonly used grading system [ 36 ,  43 ].

   Table 5.2    ASITN collateral score grade description   

 0  =  no collaterals visible to the ischemic site 
 1 = slow collaterals to the periphery of the ischemic site with persistence of some of the defect 
 2 = rapid collaterals to periphery of ischemic site with persistence of some of the defect and to 
only a portion of the ischemic territory 
 3 = collaterals with slow but complete angiographic blood fl ow of the ischemic bed by the late 
venous phase 
 4 = complete and rapid collateral blood fl ow to the vascular bed in the entire ischemic territory 
by retrograde perfusion 
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      Surgical Treatment of Intracranial Stenosis 

 Multiple surgical treatments such as direct and indirect bypass surgeries have been 
developed and used for over 40 years in treatment of intracranial stenosis. Most 
recently, the Carotid Occlusion Surgery Study (COSS) evaluated patients with ipsi-
lateral ischemic events within 120 days in the setting of cervical carotid occlusion. 
Patients were randomized if they exhibited an increased oxygen extraction fraction 
and were randomized to medical treatment versus EC/IC (extracranial to intracra-
nial) bypass surgery. Stroke and death at 30 days and 2-year ipsilateral stroke rates 
were not statistically different between the surgical and medical group (21 % versus 
23 %) [ 37 ,  43 – 45 ]. Interestingly, the surgical group did experience decreased oxy-
gen extraction fraction but no cognitive outcomes testing was conducted. 

 Prior to the COSS trial, the EC/IC bypass study showed no benefi t of surgical 
bypass versus medical therapy for the reduction of overall ipsilateral major strokes 
or death. This trial included patients with both intracranial and extracranial stenotic 
and occlusive diseases [ 38 ,  46 ]. Surgical treatment used a direct bypass from the 
superfi cial temporal artery to the middle cerebral artery at one of the M2 branches. 
The medical arm was limited to single antiplatelet use (aspirin 325 mg, four times 
daily) and blood pressure reduction but no specifi c lifestyle modifi cation regimen 
[ 38 ,  46 – 48 ]. Due to the results of these studies, EC/IC bypass is not generally rec-
ommended in the setting of ICAD.  

   Medical Treatment of Intracranial Atherosclerotic Stenosis 

 The medical treatment or ICAD has evolved over the years. The WASID trial was 
the fi rst major trial to evaluate medical treatments and compared aspirin versus war-
farin in patients with ICAD. The overall risk was similar in the warfarin and aspirin 
arms, with the primary endpoint of ischemic stroke, brain hemorrhage, or vascular 
death occurring in 22.1 % of patients assigned aspirin versus 21.8 % in the warfarin 
group. However, the warfarin cohort had signifi cantly more adverse events defi ned 
as death, major hemorrhage, and myocardial infarction or sudden death [ 15 ,  49 ]. 
Next, the GEISCA study demonstrated that despite medical treatment, the 2-year 
rate of ischemic events in the territory of the stenotic artery was 38.2 % with the 
highest risk of stroke in clinically signifi cant hemodynamic stenosis [ 39 ,  50 ]. Most 
recently, the Stenting versus Aggressive Medical Therapy for Intracranial Arterial 
Stenosis (SAMMPRIS) trial revealed much better outcomes with medical treat-
ment. At 1 year, the event rate was 17.6 % in the stenting arm and 12.2 % in the 
medical management arm [ 2 ,  6 ,  51 ]. The medical arm of SAMMPRIS is now con-
sidered the standard of care for fi rst-time symptomatic ICAD patients. The regimen 
was aspirin 325 mg and Plavix 75 mg daily for 3 months, followed by aspirin only. 
Additionally, patients were treated with a “statin” medication, blood pressure con-
trol, and were enrolled in a lifestyle modifi cation program. Goal systolic blood 
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pressure was less than 140 mmHg and LDL was less than 70 mg per deciliter 
(1.81 mmol/L). In addition to the above regimen, management of secondary risk 
factors [diabetes, elevated non-high-density lipoprotein (non-HDL) cholesterol lev-
els, smoking, excess weight, and insuffi cient exercise] was included.  

   Endovascular Treatment of Intracranial 
Atherosclerotic Stenosis 

 Endovascular treatment of intracranial stenosis can be divided up into three possi-
ble treatments: balloon angioplasty alone (BA), balloon-mounted stenting (BMS), 
and self-expanding stent (SES) placement. Indications for each procedure 
(Table  5.3 ), outcomes from literature, and example case presentations are provided 
in the chapter.

     Intracranial Balloon Angioplasty Without Stenting 

 Stand-alone intracranial balloon angioplasty has been advocated by some over 
stenting, based on case series with low periprocedural complication rates [ 40 ,  41 , 
 52 ]. Balloon angioplasty was fi rst used in the coronary circulation. The goal of 
angioplasty is to reduce luminal stenosis and increase perfusion to downstream tis-
sue. The proposed mechanisms include plaque redistribution and dilatation of the 
actual vessel diameter [ 40 ,  42 ,  53 ,  54 ]. This was initially described with percutane-
ous transluminal angioplasty (PTA) of the coronary arteries. 

 Initially there was some enthusiasm for the use of balloon angioplasty in the intra-
cranial circulation with the fi rst reported cases in the 1980s [ 40 ,  41 ,  43 ,  53 – 57 ]. 
There were cases of basilar followed by cavernous segment carotid and then middle 
cerebral artery stenosis treated with angioplasty [ 40 ,  43 – 45 ]. Unfortunately due to 
higher rates of complications, the use was limited until new techniques and technolo-
gies were developed [ 46 ,  56 ]. Dissections, emboli, and rupture were not uncommon 

   Table 5.3    Possible indications and FDA indications for endovascular treatment   

 1 .  Hemodynamic symptoms 
 2 .  Poor collaterals 
 3 .  Large mismatch on imaging with signs of collateral failure 
 4 .  Recurrent symptoms despite best medical therapy 
 5 .  FDA Wingspan use criteria: (1) age 22–80 years (2), two or more strokes despite 

aggressive medical management (3), most recent stroke occurring more than 7 days prior 
to planned intervention (4), 70–99 % stenosis due to atherosclerosis of the related 
intracranial artery, and (5) good recovery from previous stroke and modifi ed Rankin score 
of ≤3 prior to intervention [ 65 ,  66 ] 
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with a complication rate of up to 50 % reported in one study [ 46 – 48 ,  53 ]. These 
complications were attributed to the large size of balloons and the rapid rate of infl a-
tion. Unlike coronary vessels, the intracranial circulation is surrounded by brain and 
cerebrospinal fl uid in the subarachnoid space. A muscular myocardium as well as a 
pericardial sac surrounds the coronary arteries. A small rupture or dissection is usu-
ally not signifi cant in the coronary circulation. On the other hand, a subarachnoid 
hemorrhage can be fatal with morbidity and mortality reported in up to 40–50 % of 
patients [ 49 ,  58 – 60 ]. Intraparenchymal hemorrhages also carry a high rate of mor-
bidity and mortality [ 50 ,  61 ]. Dissections can cause ischemic strokes that can also 
cause a high morbidity. Stroke, largely ischemic, remains the number 1 cause of 
disability [ 52 ,  62 ]. With slow infl ation over minutes as opposed to seconds and 
undersized balloons, complication rates have been reported as low as 5 % [ 40 ,  53 , 
 54 ,  63 ] (see Fig.  5.2 ).

  Fig. 5.2    ( a ,  b )    Patient with vertebral artery stenosis with recurrent strokes on optimal medical 
therapy before and after balloon angioplasty cerebral angiogram in AP projections, ( c ,  d ) patient 
with in-stent intimal hyperplasia before and after balloon angioplasty cerebral angiogram in AP 
projections       
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   There have been multiple recent case reports of balloon angioplasty for 
 intracranial stenosis with low complication rates and technical success rates to 
above 90 %. Defi ning technical success as less than 50 % stenosis (established by 
the Practice Guideline Committee of the Society of Neurointerventional Surgery) 
puts modern series at a technical success rate of 60 to above 90 % [ 3 ,  40 ,  41 ,  53 – 57 , 
 64 ,  65 ]. The largest study by Marks et al. included 120 patients [ 3 ,  20 ,  40 ]. Some 
studies have suggested that restenosis and outcomes in balloon angioplasty without 
stenting versus stenting are similar as was demonstrated by a comparison paper of 
angioplasty alone versus stenting by Siddiq et al. [ 56 ,  66 ].  

   Balloon Types 

 There are several intracranial balloons that have been approved for use, but only one 
for the treatment of ICAD. These include the Scepter (MicroVention; Tustin, CA, 
USA), HyperForm (Covidien, Irvine, CA), and Transform (Stryker, Kalamazoo, 
Michigan, USA). These devices are designed for balloon-assisted coil embolization 
of aneurysms. The Gateway (Stryker, Kalamazoo, Michigan, USA) balloon is the 
only FDA-approved device for intracranial angioplasty. Coronary angioplasty bal-
loons have been used off label to treat ICAD [ 51 ,  53 ].  

   Drug-Eluting Stents 

 Drug-eluting stents (DES) have been used off label in the intracranial circulation, 
and multiple reports have been published on their use. DES have been used in both 
the anterior and posterior circulation with periprocedural complication rates rang-
ing from 0 to 25 % [ 3 ,  58 – 60 ]. A design limitation of DES is that most are balloon 
mounted and diffi cult to track in the intracranial circulation. Other criticisms include 
the need for dual antiplatelet therapy for 6 months or longer as suggested by some 
of the cardiac literature [ 61 ,  67 ]. There is some literature on newer DES that points 
to a lower incidence of delayed thrombotic events, but research is still ongoing [ 54 , 
 62 ]. The lack of long-term follow-up in patients treated with DES has limited their 
acceptance. However, recent small case series ( n  = 11) with a mean follow-up period 
of 67 months has shown no patient with greater than 50 % restenosis [ 63 ,  68 ].  

   Balloon-Mounted Stents 

 Balloon-mounted stents (BMS) have also been used in ICAD with similar success 
as seen with balloon angioplasty alone. Most of the reported literature has used 
coronary BMS. The only published data on a dedicated intracranial BMS system is 
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from the SYLLVIA trial that used the NeuroLink system. The diffi culty with the 
current BMS systems is that they are stiff and, therefore, harder to track in the tortu-
ous intracranial circulation. The SYLLVIA trial also showed a 35 % restenosis rate 
although 61 % were asymptomatic.  

   Self-Expanding Stents 

 Self-expanding, nitinol, stents have been the main of intracranial stenting ever since 
the FDA approval of the Wingspan Stent (Stryker, Kalamazoo, Michigan, USA). 
They have had high technical success rate ranging from the 98.8 to 96.7 % in the 
two large reported registries and 94.6 % (12/224) in the SAMMPARIS randomized 
control trial with seven patients having procedure aborted and fi ve having only 
angioplasty for technical reasons [ 3 ,  56 ,  64 ,  65 ]. It has been argued that this system 
is more appropriate for use in the intracranial circulation due to its small outward 
radial force (<0.1 atm). It also does not need a balloon and can be delivered thru a 
microcatheter, making it more trackable. Despite these advantages, the SAMMPRIS 
trial, short- and long-term outcomes, revealed better outcomes in the rate of stroke 
and death in the medically treated group. At a median follow-up of 32.4 months, 34 
(15 %) of 227 patients in the medical group and 52 (23 %) of 224 patients in the 
stenting group had a primary endpoint event [ 3 ,  20 ,  57 ] (Fig.  5.3 ).

       Procedural Considerations 

   Patient Selection 

 Patients with recurrent symptoms in the setting of high-grade intracranial stenosis 
( > 70 %) and maximal medical therapy (dual antiplatelet agents, high-dose statin 
treatment, glycemic control, normotension, regular aerobic exercise, and smoking 
cessation) may be candidates for endovascular therapy. Other considerations include 
the location of stenosis and mechanism of stroke. Stenosis in non-perforator-rich 
locations (intracranial internal carotid and vertebral arteries) is likely lower risk dur-
ing endovascular treatment than perforator-rich locations (basilar and proximal 
middle cerebral arteries). Also, patients with hypoperfusion-related events would 
seem, based on physiology, most likely to benefi t from improvement in luminal 
diameter. However, this later point has not been confi rmed in the most rigorous 
clinical trials to date.  
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   Pre-procedure 

 Once stenosis has been identifi ed on noninvasive imaging, it is important to perform 
a stand-alone catheter angiogram for presurgical planning. A three-dimensional 
image is sometimes helpful to further characterize the lesion and optimal imaging 

  Fig. 5.3    Patient with near occlusion of M1 MCA who is symptomatic when her blood pressure is 
dropped. ( a ) Cerebral angiogram demonstrating the M1 MCA near occlusion before angioplasty 
and stenting, ( b ) cerebral angiogram after treatment with improved stenosis, ( c ) CBV (cerebral 
blood volume) increased in corresponding area, ( d ) MTT (mean transit time) decreased in corre-
sponding area of symptoms and stenosis       
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angle to utilize during endovascular surgery. This diagnostic procedure also allows 
risk stratifi cation by characterizing the proximal vessels and aortic arch as well as 
the degree of intracranial tortuosity that needs to be navigated in order to deliver the 
angioplasty balloon and/or stent to the desired location. The degree of angulation of 
the posterior and anterior genus of the cavernous carotid is a key determinant of 
success. Highly angulated carotid genus may prohibit the navigation of a stent dis-
tally. It is important to remember that endovascular treatment of ICAD is one of the 
highest-risk procedures an interventionalist will perform, and the strategy must be 
tailored to the patient and his/her individual anatomy. 

 As noted above, all patients being considered for endovascular treatment will 
have failed a course of dual antiplatelet agents (aspirin and clopidogrel) along with 
high-dose statin therapy. It is essential that these agents be continued pre- and post- 
procedure. Consideration should be given to pre-procedural platelet function testing 
to screen for aspirin or clopidogrel resistance. The utility of these tests in reducing 
procedurally related stroke is controversial, but given the high-risk nature of this 
treatment, all potential methods of risk reduction must be considered.  

   Anesthesia 

 Most neurointerventionalists currently perform intracranial angioplasty and stent-
ing under general anesthesia. The arguments for this approach include the need for 
high-resolution imaging that is enhanced by decreased patient motion and mechani-
cally induced apnea when needed. Elimination of the risk of sudden patient move-
ment during a high-risk portion of the procedure is also achieved with general 
anesthesia. On the other hand, proponents of moderate sedation argue that the abil-
ity to monitor neurological function during the course of the procedure is invalu-
able. Additionally, the potential for medication-induced hypotension and subsequent 
hypoperfusion-related stroke may be less with moderate sedation. An arterial line 
should be in place both for procedural purposes and, just as importantly, for post- 
procedure blood pressure monitoring.  

   Sheaths 

 A 6F or larger sheath is needed to perform these procedures. A sheath length (35 cm 
or greater) that bypasses the ileac artery and distal abdominal aorta is recommended 
due to the high incidence of femoroiliac stenosis/tortuosity and abdominal aortic 
aneurysms in this population. When treating posterior circulation lesions, a radial 
access site may be advantageous. In this case a 6F 10 cm or shorter sheath is recom-
mended. When intracranial stenting is planned, a 90 cm guiding sheath positioned 
in the distal common carotid artery or proximal internal carotid artery provides 
excellent support and allows the use of a “triaxial” system (guiding sheath, guiding 
catheter, and microcatheter) in the setting of diffi cult balloon/stent navigation.  
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   Guiding Catheters 

 A 6F or larger guiding catheter is generally recommended. Standard guiding 
 catheters can be safely positioned within the distal cervical carotid artery or at 
the  V2/3 junction (e.g., Envoy XB; Codman Neurovascular; Raynham, MA). 
A 45-degree tip catheter may help guide the force vector during the procedure. 
Alternatively, a more fl exible, atraumatic tip guide catheter may be navigated into 
the petrous/cavernous carotid (e.g., Neuron; Penumbra Inc; Alameda, CA). Some 
practitioners believe this more distal position outweighs the less supportive design 
of such catheters.  

   Intermediate Catheters 

 A relatively recent addition to the endovascular armamentarium is the intermediate 
or distal access catheter (DAC). These catheters can be routinely navigated into the 
cavernous or supraclinoid segment. This can greatly facilitate accessing middle 
cerebral artery stenotic lesions by bypassing the cavernous segment.  

   Microcatheters 

 A low-profi le microcatheter and microwire are used to cross the stenotic segment. 
There are many equally effective microcatheters available for this purpose such as 
the SL 10 (Stryker; Kalamazoo, MI).  

   Microwires 

 Two microwires are often used. The fi rst is a standard length 0.014″ wire that, along 
with a low-profi le microcatheter, is used to cross the stenosis. Ideal wire character-
istics include 1:1 torque and a soft tip (e.g., Synchro 14; Stryker; Kalamazoo, MI). 
A headhunter shape to the distal wire tip often facilitates crossing the lesion. The 
second wire is an exchange length 0.014″ wire. This wire should be supportive 
proximally and highly shapable distally (e.g., X-Celerator; Covidien; Irvine, CA). 
A J- or C-shaped wire tip will reduce the risk of micro-branch wire migration and 
perforation.  
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   Balloons 

 Over-the-wire, semi-compliant balloons are generally preferred over monorail 
 systems due to the greater trackability of the former through tortuous vessels. There 
is only one FDA-approved (HDE pathway) balloon for intracranial angioplasty in 
the setting of ICAD. The Gateway balloon (Stryker; Kalamazoo, MI) is an over-the- 
wire, low-profi le, and highly navigable balloon. It comes in a variety of diameters 
and lengths. Coronary angioplasty balloons have also been used off label for this 
purpose (e.g., Maverick; Boston Scientifi c; Natick, MA). With the use of balloon- 
mounted stents, a pre-dilation with a smaller balloon may facilitate stent passage. 

 With self-expanding stents, pre-stenting balloon diameters are generally sized to 
80 % or less of the normal luminal diameter. Balloon lengths are generally 5–10 mm 
greater than the lesion length. Extreme care must be taken to avoid overdistention of 
the vessel, as the fragile angio-architecture of the circle of Willis makes vessel rup-
ture a real and catastrophic possibility.  

   Stents 

 The Wingspan Stent System is the only FDA-approved (HDE pathway) device for 
intracranial stenting in the setting of ICAD. It is used in conjunction with the 
Gateway balloon. These nitinol, slotted tube, self-expanding stents are housed 
within a delivery catheter. The delivery catheter is generally navigated over an 
exchange wire and across the lesion. The delivery catheter is then withdrawn, allow-
ing the stent to fl ower open. The diameter of the stent is generally close to that of the 
normal luminal diameter. The length is generally 5–10 mm greater than the lesion 
length. Over-the-wire, balloon-mounted coronary stents, both bare metal and drug-
eluting, have been used off label to treat ICAD. These devices are less navigable, but 
with a highly supportive proximal system, can generally cross the stenotic lesion. 
Stent sizing with these devices is 80 % or less of the normal luminal diameter.  

   Procedural Steps 

 Anesthesia is induced. A sheath is placed within the access site. Heparin is admin-
istered to achieve an activated clotting time of >250 seconds and rechecked hourly. 
The guide catheter is navigated into the parent vessel. A low-profi le microcatheter 
and standard length microwire are navigated intracranially and, under high- 
resolution road map guidance, used to cross the stenotic lesion. These devices are 
positioned in a large branch, a suffi cient distance distal to the stenosis to allow sup-
port and access during subsequent steps (e.g., in the M3 angular branch or P2/3 
segment). The standard length microwire is removed and replaced by an exchange 
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length microwire. The microcatheter is then removed over the exchange wire. This 
step takes extreme care in order to avoid sudden movement of the wire. Sudden 
forward movement is most dangerous as this may lead to wire perforation. A J- or 
C-shaped wire tip will reduce the tendency of the wire to enter small branch vessels 
in this circumstance. If the wire migrates proximally, trans-lesional access may be 
lost, or insuffi cient distal access may make balloon/stent navigation impossible. 
These exchanges generally require two operators. At    this point a repeat high- 
resolution road map is helpful to illustrate any changes in vessel angulation caused 
by the microwire. Next an over-the-wire angioplasty balloon is navigated across the 
lesion and infl ated (see discussion above for balloon sizing tips), slowly defl ated, 
then removed from the arterial system. 

 If the Wingspan Stent System is being utilized, the delivery catheter is advanced 
over the exchange wire and across the lesion. Despite the hydrophilic coating and 
fl exible design of this device, it is often a slow and laborious process to achieve the 
desired stent position across the stenotic lesion. The stent is deployed and the deliv-
ery catheter is removed (see above for stent sizing tips). An angiogram through the 
existing catheter is then performed. If insuffi cient luminal improvement is seen, a 
post-stent angioplasty can be performed, but is discouraged by the manufacturer. 

 If an over-the-wire, balloon-mounted coronary stent system is being utilized; a 
pre-stent angioplasty may not be needed, depending on the severity of the baseline 
lesion. Once the stent is navigated across the lesion, the balloon upon which it is 
mounted is infl ated to nominal pressure (see above for stent sizing tips). A post- 
stent angioplasty can be performed if the desired luminal enlargement is not 
achieved. A fi nal control angiogram will screen for thromboembolic complications 
or extravasation.  

   Post-procedural Considerations 

 It is important to carefully monitor and guard against spikes in blood pressure dur-
ing the post-procedural period. High-risk points include awakening from anesthesia 
and extubation. Such spikes in blood pressure may precipitate hyperperfusion syn-
drome and ICH. Additionally, it is essential that dual antiplatelet therapy be main-
tained for at least 3 months. In the case of drug-eluting coronary stent use, 12-month 
to lifelong dual antiplatelet therapy is recommended.   

   Endovascular ICAD Studies 

 We have reviewed the literature on PTA, DES, BMS, and SES above. Despite hav-
ing many options for treatment of ICAD with endovascular techniques, none has 
been established as primary treatment. Table  5.4  outlines some of the major  literature 
on these approaches.
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   There have been positive results from non-randomized registries and case series, 
but there have been no positive trials to indicate its use as primary treatment of 
symptomatic patients with ICAD. In fact, the SAMMPRIS trial argues that it is 
likely harmful as fi rst-line treatment [ 3 ,  8 ,  10 ]. Despite this many neurovascular 
practitioners and academics still believe that there is a role for endovascular treat-
ment of ICAD as evidenced by a survey at the international stroke meeting [ 12 ,  66 ]. 
In fact, subsequent analysis of SAMMPRIS periprocedural strokes revealed that per-
haps perforator-rich areas, location (basilar), and close monitoring of hemorrhages 
from wire perforation, Plavix loading, and an activated clotting time above the target 
range could possibly help us produce better results from endovascular treatment [ 15 , 
 70 ,  71 ]. Although SAMMPRIS was a well-designed trial and some of the initial 
criticisms have been addressed, there are some concerns. These initial critiques 
including lack of inclusion of patients that failed best medical therapy once, the time 
to treatment, and stenting in perforator-rich areas have been addressed well by the 
investigators in separate articles [ 15 ,  19 ,  72 ]. Having said that, SAMMPRIS did not 
use perfusion or collateral imaging to screen patients. There was no set criteria for 
hemodynamic or perioperative ICU care. Given these limitations and potential 
patients that can benefi t from this treatment, it would be judicious to evaluate every 
patient individually for intracranial endovascular revascularization.  

   Summary and Future Directions 

 Currently endovascular treatment is reserved for patients who have failed medical 
treatment. There is a need for future trials as even medical treatment has a 12 % 
stroke rate at 1 year and an increasing rate of stroke at follow-up [ 3 ,  20 ]. Recent 
surveys revealed that most neurovascular doctors including neurologist, neurosur-
geons, and interventionalist would enroll ICAD patients in endovascular trials [ 22 , 
 66 ]. Perhaps patients with poor collaterals, hemodynamic symptoms, and recur-
rence despite medical therapy will benefi t from endovascular treatment. Another 
treatment option may be indirect bypass surgery as recently proposed [ 16 ,  24 ,  25 , 
 73 ]. Finally, it is possible that the type of stenosis and vessel affected (perforator 
rich or not) may play a role in patient selection for future endovascular versus surgi-
cal versus medical therapy trials [ 27 ,  28 ,  67 ,  70 ,  71 ,  74 ].     
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           Introduction 

 The saying “time is brain” captures the time-sensitive evolution of ischemic penum-
bral brain tissue into core infarct. The rationale behind acute stroke therapy is to 
reduce the infarct size by reperfusing the ischemic penumbral tissue. Both intrave-
nous and intra-arterial therapies aim to achieve this common goal. Despite approach-
ing 90 % recanalization rates, good clinical outcomes are seen in only 50 % of the 
patients who undergo acute stroke intervention [ 1 – 4 ]. This indicates that the recana-
lization of the artery does not necessarily always result in good clinical outcome. 
Earlier recanalization may improve patient outcomes [ 5 – 7 ] but the majority of the 
patients do not get access to these therapies in the early hours of stroke onset. There 
are also time lapses associated with transfer to tertiary care centers with endovascu-
lar capabilities. Selecting patients who may benefi t from revascularization despite 
these delays is key. Finally, certain patients will not have any signifi cant clinical 
improvement despite achieving early recanalization [ 8 ] due to the great variability 
in time to irreversible infarction. Here too, selection tools are needed.  
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   Tools Review 

   Clinical Assessment 

 Clinical information at the time of patient presentation should be emphasized as a 
key factor when interventional treatment is being considered. Interventionalists 
should have information regarding the patient’s age, time of stroke onset, baseline 
NIHSS, baseline functional status, etiology of stroke (if possible), any contraindica-
tions to IV t-PA, and patient/family wishes before proceeding with stroke interven-
tion. Intra-arterial (IA) therapy has shown benefi t up to 6–8 h after stroke onset [ 3 ,  9 ]. 

 NIHSS score is the most widely used stroke scale for initial assessment and can 
reliably measure stroke severity in acute stroke patients. Baseline NIHSS score may 
also help predict the clinical course and patient outcome [ 10 – 12 ]. Better outcomes 
have been noted with initial NIHSS score ≤7 [ 13 ], while a NIHSS score >20 pre-
dicts a less than 20 % chance of good outcome [ 14 ]. The scale can also help to 
predict the incidence of intracranial hemorrhage [ 15 ]. The majority of interven-
tional stroke trials have enrolled patients with NIHSS >7. 

 Other scales like the Houston Intra-arterial Therapy (HIAT) score can help esti-
mate the chances of poor outcomes in recanalized patients [ 16 ]. The HIAT (Table  6.1 ) 
score can be calculated by allocating 1 point each for age over 75 years, admission 
NIHSS score greater than 18, and admission glucose greater than 150 mg/dL. In the 
study, 100 % of patients with a HIAT score of 3 had a poor outcome compared with 
97 % with a score of 2, 67 % with a score of 1, and 44 % with a score of 0 [ 16 ].

   Calculating these clinical scores can help predict the outcome and possible risks 
vs. benefi t of endovascular therapy in acute stroke patients.  

   Neuroimaging 

 Neuroimaging techniques can help identify vascular anatomy of the acute stroke 
patient, location of vascular occlusion, and potentially salvageable tissue. The most 
commonly used techniques include computerized tomography (CT) of the head 
without contrast, CTA/CTP, MRI/MRA, and magnetic resonance (MR) perfusion. 

  Table 6.1    HIAT score   Age 
   ≥75 = 1 
   <75 = 0 
 NIHSS 
   ≥18 = 1 
   <18 = 0 
 Admission glucose 
   ≥150 mg/dl = 1 
   <150 mg/dl = 0 
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 Identifi cation of the penumbral tissue remains the “Holy Grail” of acute stroke 
imaging. Astrup et al. proposed the initial concept of penumbra in 1981 [ 17 ]. 
Penumbral tissue is described as the ischemic hypoperfused area surrounding the 
core infarct zone that is at risk of irreversible damage. As proposed by Hakim, pen-
umbra is an ischemic tissue that is potentially reversible with timely intervention 
[ 18 ]. Cerebral blood fl ow (CBF) levels between 10–15 mL/100 g/min and 
25 mL/100 g/min are likely to identify the penumbral tissue [ 19 ]. 

 The rationale behind acute stroke therapy is to reduce infarct size by reperfusing 
the ischemic penumbral tissue, thereby improving patient outcomes. Initial brain 
perfusion studies have been done with the PET by mapping CMRO2 and OEF and 
with use of ligands that preferentially binds to the penumbral tissue [ 20 – 23 ]. But 
PET scanners are not used for emergent clinical triage due to their limited avail-
ability and the time required for studies to be performed. Other modalities relied 
upon in clinical practice are described below. Perfusion imaging provides physio-
logic information about the penumbral tissue at a given time. However, it is impor-
tant to remember the dynamic physiological changes that occur between the time of 
perfusion imaging acquisition and actual stroke intervention.  

   Non-contrast CT 

 Acute stroke imaging begins with a non-contrast computed tomography (NCCT) 
scan [ 24 ,  25 ]. This imaging modality has become the fi rst-line diagnostic test 
because of its acquisition speed, widespread availability, accuracy, and cost- 
effectiveness. In the acute setting, it not only accurately excludes subarachnoid and 
intracranial hemorrhage but also detects subacute infarct and occasionally identifi es 
other conditions that may mimic acute cerebral ischemia. These fi ndings play a very 
important role in selecting therapeutic options as well as predicting outcomes. The 
advent of multi-detector technology has considerably cut down the CT image acqui-
sition time to 1–2 min and produces a better quality image with superior tissue dif-
ferentiation [ 26 ]. The NCCT imaging is based on X-ray beam attenuation values 
that are expressed in Hounsfi eld units (HU). Substances denser than water have 
higher HU and are gray to white in appearance on NCCT, whereas lower density 
substances have negative HU value and appear dark on the scans. The physiological 
derangement causing edema (cytotoxic and vasogenic) in ischemic brain tissue is 
represented as hypodense areas on NCCT [ 27 – 29 ]. When an area is noted as 
hypodense on NCCT, the probability of it being infarcted is nearly 97 % [ 30 ]. As 
per current guidelines, any patient with stroke-like symptoms who is eligible for IV 
t-PA should have a NCCT done within 25 min of arrival to the hospital with results 
to be interpreted within 45 min of arrival [ 31 ]. The usual fi ndings of early acute 
stroke on NCCT are hyperdense artery signs, loss of gray-white matter differentia-
tion, loss of insular ribbon, compression of ventricles, and sulcal effacement. The 
occlusion of major vessels is sometimes seen as hyperdense artery signs, e.g., 
hyperdense MCA sign or MCA dot sign. Usually, a hyperdense MCA sign is seen 
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in proximal segments, whereas the dot sign is seen in the distal segments of MCA 
[ 32 ]. These signs usually disappear within a few days after recanalization and reso-
lution of the thrombus [ 33 ]. The hyperdense MCA sign is a sensitive indicator of 
thrombus as is seen in nearly one-half of all cases of angiographically proven larger 
artery thrombosis [ 34 ]. 

 The sensitivity of NCCT in the setting of acute stroke depends on many factors 
including the time of the scan, the area of infarct, technical specifi cations of scan-
ner, the viewing methodology, and expertise of the interpreters. The studies have 
shown that stroke recognition rates are nearly 67 % if the scan is done within 3 h of 
symptom onset [ 35 ,  36 ]. In a post-hoc analysis of the National Institute of 
Neurological Disorders and Stroke rt-PA Stroke Study, NCCT had a 31 % sensitiv-
ity in detecting early signs of stroke that increased to 82 % at 6 h [ 37 ]. There is some 
evidence indicating patients showing extensive parenchymal hypodensity or 
involvement of more than one-third of the MCA territory on NCCT should be 
excluded from treatment with    IV rt-PA due to dismal outcomes [ 24 ]. 

 The Alberta Stroke Program Early CT Score (ASPECTS) was designed to stan-
dardize the detection and reporting of the extent of ischemic hypodensity on NCCT. It 
is an effective clinical tool that is practical, reliable, and reproducible. ASPECTS is 
a topographic scoring system that divides the MCA territory into ten segments on 
two NCCT axial cuts, including: caudate, insula, lenticular nucleus, internal capsule, 
and M1–M6 cortical regions. The score is obtained by subtracting a point for appar-
ent ischemia in each area from the total score of 10. A score of 0 represents com-
pletely infarcted area and a score of 10 indicates normal MCA territory respectively. 
The patients with ASPECT score of 8–10 have shown less infarct burden and better 
clinical outcomes [ 32 ]. The limitations with ASPECTS application are presence of 
preexisting white matter disease and interobserver variability [ 38 ].  

   CT Angiography 

 CT angiography (CTA) is performed through the intravenous administration of a 
rapid bolus of contrast. Helical CT scan images are acquired to visualize the intra-
cranial and extracranial vasculature. These raw CT images can be reconstructed into 
three-dimensional images of the circle of Willis and extracranial cerebral arteries. 
This provides a noninvasive method for rapid evaluation of the cerebral vasculature 
and can be performed within minutes after NCCT head. Direct visualization of cere-
bral vasculature provides information about the site of vessel occlusion, vessel tor-
tuosity, and clot size. This information is valuable in planning interventional therapy 
and achieving recanalization. CTA has sensitivities of about 92–100 % and speci-
fi cities of 82–100 % for the detection of intracranial large vessel stenosis and occlu-
sion [ 39 ]. Clot size exceeding 8 mm in length is associated with poor response to IV 
t-PA [ 40 ]. CTA images also provide visualization of collateral fl ow to the occluded 
vessel that can be a marker of penumbral tissue and possibly good outcomes [ 41 ]. 
CTA images are more sensitive than NCCT in visualizing areas of hypoattenuation 
and correlate well to fi nal MRI DWI images for assessing infracted tissue [ 42 ].  
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   CT Perfusion 

 CT perfusion imaging is widely used for identifi cation of penumbra in acute stroke 
patients. The images are acquired on ultrafast CT scan by repetitive scanning of a 
defi ned area after injection of intravenous contrast. Semiquantitative CBV, CBF, 
and MTT maps can be generated from the arterial and tissue enhancement curves 
after administration of bolus of iodinated contrast. Ischemic penumbra is generally 
defi ned as areas with reduced CBF and elevated MTT with CBV values above 
threshold for ischemia [ 43 ,  44 ]. In comparison with MRI perfusion, widespread 
availability of CT perfusion makes it the more commonly used imaging modality to 
identify penumbra in acute stroke patients. Perfusion CT color maps can lead to 
fourfold increase in stroke diagnosis when compared to non-contrast CT alone [ 45 ].  

   Magnetic Resonance Imaging 

 The magnetic resonance imaging (MRI) is regarded as a most accurate tool in 
detecting cerebral infarction. The MRI demonstrates high rates of sensitivity and 
specifi city in the diagnosis of acute ischemia [ 46 ,  47 ]. An American Academy of 
Neurology position statement states that MRI is more diagnostic than NCCT in the 
fi rst 12 h of acute stroke and also plays a very important role in predicting the clini-
cal prognosis [ 48 ]. During acute cerebral ischemia, there is disruption of energy 
metabolism, leading to failure of the Na + /K +  ATP pump which leads to loss of ionic 
gradient and net infl ux of water from extracellular to intracellular environment 
causing restricted diffusion of water molecules. These areas are readily identifi ed as 
hyperintense lesions on DWI sequences of MRI. The lesions are correlated with 
apparent diffusion coeffi cient (ADC) sequences that demonstrate restricted diffu-
sion as hypointense lesion [ 49 – 52 ]. 

 Treatment outcomes are closely related to the volume of infarct on DWI imaging 
[ 53 ]. Studies have shown that there is nearly a sixfold increase in the risk of ICH when 
the infarct core volume exceeds 100 ml [ 54 ]. The existence of DWI lesion reversal 
still remains controversial. In a recent study, Labeyrie et al. demonstrated sizeable 
DWI reversal in patients who had undergone thrombolysis within ≤4.5 h of symptom 
onset [ 55 ]. In a  post-hoc  analysis of the EPITHET trial, only 6.4 % of patients dem-
onstrated true DWI reversal [ 56 ]. DWI hyperintensity is also seen in other conditions 
like abscesses, aggressive viral infections (e.g., ADEM), and certain tumors.  

   MR Perfusion 

 MR perfusion or MR perfusion-weighted imaging is a technique in which the fi rst 
pass of a bolus of gadolinium-based contrast agent through brain tissue is monitored 
by a series of T2-weighted MR images. The susceptibility effect of paramagnetic 
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agents like gadolinium leads to a signal loss in the time-to-signal intensity curve. 
Parametric maps of cerebral blood volume (CBV) and fl ow (CBF) can be derived 
from the concentration–time curve using this signal information. 

 It is generally believed that the DWI lesion refl ects core infarct while PWI shows 
the area of hypoperfused ischemic tissue. Therefore, the combined use of PWI with 
DWI can visually help identify the penumbral area at risk by measuring volume dif-
ference referred to as “PWI-DWI mismatch.” 

 Studies have shown some benefi ts of using the MRI diffusion–perfusion imaging- 
based mismatch for identifying patients for IV thrombolytic [ 57 ,  58 ]. Early changes 
suggestive of ischemic stroke can be noted on the DWI and ADC images within a 
few minutes of stroke onset.    Stroke patients have been shown to have favorable 
outcome rate for patient treated with IV t-PA when selected with based on imaging 
with DWI-PWI mismatch vs. non-contrast CT scan [ 59 ,  60 ]. 

 In    DEFUSE trial, patients who were treated with IV t-PA within 3–6-h window 
were also screened with DWI-PWI imaging. Perfusion abnormality was defi ned as 
T max delay of >2 s and greater than 20 % mismatch of    PWI-DWI lesion. In DWI- 
PWI mismatch group, early reperfusion was associated with favorable outcome in 
56 %, while only a 19 % favorable outcome was achieved when reperfusion was not 
achieved. In the group with no DWI-PWI mismatch, lack of early reperfusion was 
associated with a more favorable outcome [ 57 ]. 

 Another randomized trial,    EPITHET, intravenous t-PA in the 3–6-h window 
along with MRI imaging, was used to assess for infarct growth at 90 days. Perfusion 
abnormalities were defi ned as T max delay of >2 s and greater than 20 % mismatch 
of PWI-DWI lesion, similar to DEFUSE trial. 56 % of t-PA patients were noted to 
have >90 % reperfusion of initial PWI lesion, as compared to 26 % in the placebo 
group [ 60 ]. 

 Pooled analysis of DEFUSE and EPITHET trials showed that patient who had 
mismatch and had successful reperfusion had better 90-day outcomes compared 
with unsuccessful reperfusion (OR = 5.6). Reperfusion did not improve favorable 
outcomes in non-mismatch patients [ 61 ]. 

 Based on these trials, patients that have MR perfusion imaging with T max delay 
of >2 s and greater than 20 % mismatch of PWI-DWI lesion might benefi t from 
revascularization therapies. 

 When considering triaging patients using advanced neuroimaging, the potential 
benefi ts must be weighed against the time required to perform the test. While this 
loss of time may be justifi ed in patients nearing the end or outside of the commonly 
accepted therapeutic time window, it may not be justifi ed in patients presenting 
early in the course.  

   Transcranial Doppler 

 The role of Transcranial Dopplers (TCDs) in acute stroke therapy is debatable. 
Some studies have shown some benefi ts in using TCD in conjunction with intrave-
nous t-PA therapy [ 62 ]. It is a quick, bedside, noninvasive imaging modality to 
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assess blood fl ow in major intracranial vessels. It is useful in detecting cerebral fl ow 
velocity, direction of fl ow, collateral supply, fl ow obstruction, and degree of vaso-
spasm. The major vessels that are visualized are MCA, ACA, carotid siphon, verte-
bral artery, basilar artery, and ophthalmic artery [ 63 ,  64 ]. TCDs are more sensitive 
and specifi c in detecting stenosis in anterior circulation when compared to posterior 
circulation [ 65 ]. It also detects microemboli in patients with certain underlying con-
ditions (e.g., carotid artery disease, atrial fi brillation, patients with cardio-embolic 
source of thrombus) in the form of transient high-intensity signal [ 66 ]. The most 
important use of TCD is monitoring for development of vasospasm in subarachnoid 
hemorrhages. The parameters which indicate vasospasm are fl ow velocities more 
than 200 cm/s, elevated Lindegaard ratios, and a rapid increase in fl ow velocities 
[ 67 – 69 ]. TCD’s fi ndings do however depend on bony windows, vessel anatomy, and 
operator/interpreter.  

   Assessment of Collaterals 

 As mentioned, CT or MRI techniques provide us with important information regard-
ing the status of collateral blood fl ow to the ischemic area. Collaterals can provide 
fl ow to the ischemic or penumbral areas when the primary source of arterial infl ow 
is blocked. The presence or absence of collaterals can be critical in predicting 
patient outcomes and aid in selecting patient that will benefi t from endovascular 
recanalization [ 70 ]. The presence of collaterals is shown to be one of the most 
important predictors of clinical outcome and arterial recanalization [ 71 ]. 

 The American Society of Interventional and Therapeutic Neuroradiology/
Society of Interventional Radiology (ASITN/SIR) scale (Table  6.2 ) quantifi es and 
characterizes collaterals on angiography with description of collateral fi lling, arte-
rial fl ow, and venous phase of the ischemic territory [ 72 ]. Interestingly, benefi cial 
effects were not observed in patients with poor collaterals even when revasculariza-
tion was achieved [ 73 ].

   Table 6.2    The ASITN/SIR Collateral Flow Grading System for determining angiographic 
collateral grade on pretreatment angiography   

 ASITN/SIR 
collateral grade  Defi nition 

 0  No collaterals visible to ischemic site 
 1  Slow collaterals to the periphery of ischemic site, with persistence of 

some of the defect 
 2  Rapid collaterals to the periphery of ischemic site, with persistence of 

some of the defect, and to only a portion of the ischemic territory 
 3  Collaterals with slow but complete angiographic blood fl ow of the 

ischemic bed by the late venous phase 
 4  Complete and rapid collateral blood fl ow to the vascular bed in the entire 

ischemic territory by retrograde perfusion 
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       Summary 

 Acute revascularization therapies for acute stroke hold the promise of improving 
patient outcomes. However, patient selection remains a challenge to the successful 
implementation of these therapies. We still are unclear as to which patients are most 
likely to benefi t from this treatment approach. A combination of clinical and 
imaging- based selection is currently the best strategy to maximize benefi t by 
 combining baseline characteristics with a dynamic physiological assessment of 
penumbra.  

   Case Vignettes 

  Illustrative Case 1:  A 79-year-old, right-handed Caucasian female with past med-
ical history of HTN, HLD, and paroxysmal atrial fi brillation presents with sudden 
onset of right-sided weakness and speech diffi culty    4 h ago. A CT perfusion study 
was performed to delineate the ischemic penumbra (Fig.  6.1 ). A large region of 
salvageable tissue was identifi ed, and the patient was taken to the angiography 
suite where a right middle cerebral artery occlusion was found (Fig.  6.2a ) and 
successfully recanalized with the aid of a Solitaire stent retriever (Fig.  6.2b ) 
(Covidien, Irvine, CA). A post-procedural repeat NCCT shows only the core 
infarct (Fig.  6.3 ).

      Illustrative Case 2:  A 74-year-old, right-handed man woke up with moderate dysar-
thria, left hemianopsia, left facial paresis, and sensory loss. He arrived in the emer-
gency department 9 h into his stroke symptom onset with NIHSS score of 8. MRI 
diffusion imaging showed only small punctate areas of restricted diffusion in the 
RMCA territory (Fig.  6.4a ), while perfusion-weighted imaging showed a large 
region at risk (Fig.  6.4b ). MR angiography showed a distal M1 occlusion (Fig.  6.5 ). 
The patient was taken for mechanical thrombectomy with the MERCI clot retriever 
and achieved complete restoration of fl ow (Fig.  6.6 ). Follow-up NCCT showed no 
large territorial infarction (Fig.  6.7 ).
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  Fig. 6.1    A large left hemispheric MCA territory stroke with large frontal core infarct and a moder-
ate frontoparietal penumbra (perfusion mismatch) with increased mean transit time and decreased 
blood fl ow. These images show both the area of core infarct and area of mismatch suggestive of 
penumbra in posterior division of the MCA territory       
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  Fig. 6.2    Acute thrombus in the proximal left MCA with no fl ow to either the superior or inferior 
division before intervention (a   ), with restoration of TICI 2B fl ow post-thrombectomy with the 
Solitaire device       

  Fig. 6.3    CT head 2 days 
later shows hypodensity in 
the left frontoparietal region 
which correlates with the area 
of core infarct on CT 
perfusion images, while the 
posterior division with 
mismatch on CT perfusion 
was salvaged with 
mechanical intervention       
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     Fig. 6.4    MRI diffusion–perfusion imaging with small area of diffusion positive area noted in right 
hemisphere suggestive of core infarct. MRI perfusion shows almost the entire right MCA territory 
at risk with large area of penumbra       

  Fig. 6.5    MRA head shows occlusion of the right MCA       
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           Introduction 

 Intra-arterial (IA) thrombolysis in acute ischemic stroke was fi rst reported in the 
early 1980s [ 1 ,  2 ] when endovascular recanalization was performed as a lifesaving 
measure in patients with acute vertebrobasilar arterial occlusions. Subsequently, 
investigators also reported the feasibility, technical, and clinical success of IA 
thrombolysis in acute occlusions within the internal carotid distribution [ 3 ,  4 ]. The 
availability of newer thrombolytic agents and signifi cant advancements in device 
technology eventually resulted in rapid expansion of utilization of IA thrombolysis 
in the management of acute stroke patients with intracranial large artery occlusions. 
With the evolution of primary and comprehensive stroke centers and the increasing 
number of patients receiving intravenous thrombolysis, IA thrombolysis remains an 
important therapeutic modality in patients who may be ineligible for or resistant to 
recanalization with IV thrombolytics.  
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   Endovascular Recanalization Techniques 

   Intra-arterial Fibrinolysis 

 This technique involves infusion of a thrombolytic agent through a microcatheter 
advanced intracranially into or immediately proximal to the occlusive thrombus. 
It was the traditional technique utilized before the evolution of mechanical throm-
bectomy devices. The    PROACT II-Prolyse in Acute Cerebral Thromboembolism II 
trial demonstrated improved outcomes in patients with acute middle cerebral artery 
occlusions treated with intra-arterial infusion of prourokinase compared to controls 
when treated within 6 h of onset [ 5 ] despite the increased incidence of symptomatic 
intracranial hemorrhage (ICH). This agent did not receive FDA approval. Numerous 
other thrombolytic agents including urokinase, reteplase, recombinant tissue plas-
minogen activator, and tenecteplase have subsequently been used in IAT for acute 
stroke. It has been suggested that the use of intra-arterial thrombolytics is safe after 
the administration of IV t-PA [ 6 – 9 ]. There is however no dose equivalence among 
different thrombolytic agents in terms of safety or effi cacy [ 10 ,  11 ]. 

 Aggressive mechanical clot disruption with a microwire has also been utilized 
safely in conjunction with IA infusion of thrombolytic agents [ 12 ,  13 ]. Intra-arterial 
injection of thrombolytics alone is becoming less common with the availability of 
safe and effective dedicated clot retrieval devices.   

   Mechanical Thrombectomy Devices 

   Merci Retriever 

 The Merci retriever (Stryker, Kalamazoo, MI) was approved by FDA in 2004 after 
demonstrating safety and improved recanalization of intracranial arterial occlusions 
in the MERCI (Mechanical Embolus Removal in Cerebral Ischemia) trial [ 14 ]. It is 
a corkscrew-shaped device with helical loops made of nitinol that engage the clot 
when deployed through a microcatheter. The device and the clot are subsequently 
pulled out through a balloon guide catheter positioned in the proximal parent artery. 
Up to six passes with the retriever were permitted to achieve recanalization in the 
occluded artery. The next generation Merci retrievers [ 15 ] showed further improved 
recanalization rates in the subsequent Multi-MERCI trial. Though this was the fi rst 
FDA-approved device for mechanical thrombectomy, it did have certain limitations. 
The location of an occlusive clot in a tortuous arterial segment and with the throm-
bus extending into the arterial branches negatively impacted recanalization rates 
and outcomes in M1 occlusions [ 16 ]. Furthermore, arteries occluded by fi brin-rich 
clots had lower recanalization rates with Merci retrievers [ 17 ] as well as prolonged 
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times to reperfusion when compared to arteries with erythrocyte-rich occlusive 
thrombi. Investigators also demonstrated that up to three passes with the Merci 
retriever are optimal and further passes are unlikely to achieve recanalization and 
potentially increase risks of complications [ 18 ].  

   Penumbra System 

 The Penumbra System (Penumbra, Inc., Alameda, CA) is a suction thrombectomy 
device that received FDA approval in 2008 for use within 8 h of onset in patients 
with acute intracranial arterial occlusions following a study demonstrating its feasi-
bility and safety [ 19 ]. While there has been no study comparing it to the Merci 
retriever, it has shown better recanalization rates [ 20 ,  21 ] than those reported in the 
MERCI trials.  

   Retrievable Stents (Stent Retrievers) 

 These are the latest generation mechanical thrombectomy devices that have demon-
strated signifi cant improvement in recanalization rates and time to recanalization, 
when compared to prior devices [ 22 ]. There are presently two FDA-approved stent- 
retriever devices: Solitaire FR (Covidien, Irvine, CA) and Trevo (Stryker, 
Kalamazoo, MI). Both of these devices showed signifi cantly improved rates of 
recanalization in randomized trials when compared to the Merci retriever [ 23 ,  24 ] 
and have become the preferred neurointerventional devices for achieving reperfu-
sion in acute stroke.   

   Technical Considerations 

   Pre-procedural Preparation (See Chap.   6    ) 

 It is important to review the treatment plan and equipment being used with the sup-
port personnel including the anesthesiology team. There is often a delay in obtain-
ing thrombolytic agents and glycoprotein IIB/IIIA agents prepared and delivered 
from the pharmacy. If the use of these agents is being considered, it is advisable to 
notify the pharmacy prior to beginning the intervention.   
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   Tool Review (See Chap.   1    ) 

   Chemical Thrombolysis 

•      Sheath : A 6-French sheath is generally adequate. You may up-size the sheath to 
allow continuous intra-arterial blood pressure monitoring if a radial arterial line 
is not available. A long (35 cm or greater) sheath is recommended given the high 
incidence of femoroiliac tortuosity and abdominal aortic aneurysms in this 
patient population.  

•    Guiding Catheter : We generally select a 6-French guiding catheter. A 45° angle 
(default) or Simmons II (patients with more severe arch angulation) tip catheters 
are adequate in most cases. A heparinized fl ush is connected to the guiding cath-
eter via a three-way stopcock and Y adaptor.  

•    Access Wires : A standard hydrophilic 0.035-in. access wire is used to select and 
catheterize the great vessels. At times a wire with more body such as a 0.035″ 
stiff Glidewire (Terumo, Somerset, NJ) is useful to access tortuous vessels.  

•    Microcatheter : A 0.010-in. diameter or larger microcatheter is generally used to 
infuse t-PA once the clot is accessed.  

•    Microwire : A variety of 0.014″ microwires may be used to navigate the intracra-
nial vessels. If vessel selection becomes diffi cult, the Synchro 14 microwire 
(Stryker, Kalamazoo, MI) allows excellent 1:1 torque.  

•    Thrombolytic/Antiplatelet Agents :

 –    t-PA: Up to 30 mg intra-arterially is typically utilized, with several milligrams 
administered distal to the clot and several within the clot. The remainder is 
slowly infused into the proximal 1/3 of the clot. It is important to frequently 
image the thrombus and to advance the microcatheter as the clot lyses.        

   Mechanical Devices 

•      Sheath : For most modes of mechanical thrombolysis, an 8- or 9-F sheath is 
needed. If you anticipate attempting to place an intracranial stent, using a long 
sheath (90 cm) may provide additional support.  

•    Guiding catheter :

 –     Balloon guide : These especially design guiding catheters come in 8 and 
9F. They have a balloon at the distal tip allowing the operator to produce fl ow 
arrest by infl ating the balloon in the proximal internal carotid. Attaching a 
large volume syringe and aspirating while withdrawing the thrombectomy 
device can then achieve fl ow reversal. There are currently two products on the 
market: the Stryker balloon guide (Stryker, Kalamazoo, MI) and the Cello 
balloon guide (Covidien, Irvine, CA).  

 –   A Neuron Max Guide (Penumbra, Inc., Alameda, CA): Designed for distal 
cervical carotid access. This catheter has a 6F OD and 0.088″ ID. It is often 
used in conjunction with the Penumbra aspiration system (see below).     
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•    Access wire : A standard hydrophilic 0.035″ is typically used to select and cath-
eterize the great vessels. It is sometimes easiest to select the target vessel with a 
diagnostic catheter and use an exchange-length (300 cm) 0.035″ wire to exchange 
for the guiding catheter. This is especially true when using the balloon guide 
catheters.  

•    Microwire : As described above, there are a variety of 0.014″ microwires that may 
be used to access and cross the target clot.  

•    Devices 

 –     The Penumbra System ™ (Penumbra, Inc., Alameda, CA) is a mechanical clot 
disruptor utilizing a reperfusion catheter and a separator wire (optional). The 
ACE reperfusion catheter is the largest available, and the inner diameter 
allows higher rates of clot extraction. It is delivered either over a microwire or 
through the use of a triaxial system (microwire, smaller microcatheter, and 
ACE catheter). Once the clot is crossed with the microwire, the ACE catheter 
is positioned at the proximal clot face. The wire and smaller delivery catheter 
can then be removed and suction is applied to the clot. The clot may be suc-
cessfully aspirated or “corked” in the distal tip or the ACE with both the clot 
and the ACE then removed from the body.  

 –    Stent retrievers : These revolutionary devices hold great promise to achieve 
the “Holy Grail” of endovascular stroke treatment: rapid, complete, and safe 
reperfusion. They are currently marketed by Covidien Medical (Solitaire) and 
Stryker Neurovascular (Trevo) and consist of a nitinol, slotted tube, stent 
attached to a microwire. The Solitaire device comes in 4 mm and 6 mm diam-
eters and 15 mm and 20 mm lengths. It has the unique feature of a longitudi-
nal gap that allows the stent to fold upon itself, potentially creating greater 
clot engagement. It is delivered through the Marksman microcatheter 
(Covidien, Irvine, CA). The Trevo device is 4 mm in diameter and 20 mm in 
length. It has two unique characteristics: a radio-opaque fi lament within the 
struts that allows greater visualization and deeper struts potentially allowing 
greater clot engagement. It is packaged with a dedicated delivery microcath-
eter. The delivery catheter is positioned across the clot, and the microwire is 
removed. Next the stent retriever is inserted within the microcatheter and 
pushed to its distal end. The device is unsheathed while taking care to main-
tain the stent retriever across the clot. A period of 5 min is allowed to pass, 
permitting the stent to become fully enmeshed in the clot. The stent retriever 
is then pulled out of the arterial system. It is recommended that a proximal 
balloon guide be used in conjunction with these devices and used to achieve 
fl ow reversal as described above.         

   Acute Middle Cerebral Artery Occlusion 

 Occlusions of the middle cerebral artery (MCA) account for the majority of acute 
intracranial large artery distribution ischemic strokes. Proximal MCA (M1) occlu-
sions have reported recanalization rates of 30 % within 2 h of IV t-PA [ 25 ]. 
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   Illustrative Case 1 (MCA Occlusion) 

 A 50-year-old woman underwent balloon-assist coiling of a ruptured cerebral 
 aneurysm. During the procedure, she developed a right MCA occlusion. With the 
aid of a microwire, a microcatheter was advanced into the right MCA beyond the 
clot burden. A Solitaire device was deployed across the clot and resulted in immedi-
ate restoration of distal fl ow. After a 5-min deployment, the Solitaire device was 
removed while continuously aspirating through the guide catheter with a 60-cm 3  
syringe. Subsequent angiographic imaging demonstrated recanalization of the right 
middle cerebral artery (Fig.  7.1 ).

  Fig. 7.1    Right MCA thrombectomy. ( a ) Right MCA is occluded at its origin ( arrow ). ( b ) Super- 
selective microcatheter injection demonstrates placement of the microcatheter tip ( arrow ) distal to 
the clot burden. ( c ) The distal tines ( arrow ) of the stent retriever are seen at the level of the right 
MCA bifurcation. ( d ) The right MCA remains patent after retrieval of the stent retriever       
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       Acute Vertebrobasilar Occlusion 

 Vertebrobasilar occlusions account for about 3 % of all acute intracranial large 
artery strokes [ 25 ] with high mortality rates ranging 40–80 % in some studies as 
well as a high likelihood of poor functional outcome among survivors [ 26 ,  27 ]. 
Achieving recanalization results in signifi cant reduction in mortality [ 28 ]. In one 
study, the length of the occluded segment and extent of collaterals were independent 
predictors of survival. Even though the time window for achieving recanalization 
could be longer in the posterior circulation, one study reported higher recanalization 
rates if treatment was initiated within 6 h of onset [ 29 ]. 

   Illustrative Case 2 (Basilar Occlusion) 

 A 67-year-old man with a history of hypertension, hyperlipidemia, and diabetes 
acutely developed dizziness with nausea and vomiting. His neurological exam 
progressively worsened, and the patient required intubation for altered mental 
status and respiratory compromise. He underwent a CT angiogram that demon-
strated occlusion of the basilar and extracranial left vertebral arteries. The patient 
underwent a cerebral angiogram that confi rmed basilar thrombosis. A 6-French 
guiding catheter was advanced into the right vertebral artery. With the aid of a 
microwire, a microcatheter was successfully navigated through the basilar throm-
bosis. Distal positioning of the microcatheter tip was confi rmed with a super-
selective injection. A Solitaire device was then successfully deployed across the 
basilar thrombus and immediately improved fl ow. After a 5-min deployment, 
the Solitaire device was removed. Subsequent imaging demonstrated patency of 
the basilar artery with an unintended branch occlusion of the right posterior 
 inferior cerebellar artery (Fig.  7.2 ).

       Carotid-T Occlusions 

 Terminal internal carotid artery (ICA) occlusions with the thrombus extending into 
the origin of ipsilateral A1 and M1 segments are associated with high clot burden, 
poor collateral fl ow, and poor outcomes. Earlier studies investigating intra-arterial 
infusion of thrombolytic agents reported poor recanalization and unfavorable out-
comes in carotid-T occlusions [ 30 ,  31 ]. A recent study reported signifi cant improve-
ment in recanalization rates with mechanical thrombectomy using Solitaire in 
patients with ICA-T occlusions without any additional increase in symptomatic 
intracranial hemorrhage [ 32 ]. 
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   Illustrative Case 3 (Carotid-T Occlusion) 

 A 42-year-old man with recently diagnosed renal infarct presented with the acute 
onset of aphasia and right-sided weakness. He was administered IV thrombolytics 
and his symptoms transiently improved but then returned. CT angiogram and per-
fusion studies were performed that demonstrated a left intracranial ICA occlusion 
with signifi cant penumbra in the left hemisphere. A cerebral angiogram was then 
performed which demonstrated a left carotid-T occlusion with no fl ow beyond the 
posterior communicating artery segment. A Penumbra reperfusion catheter was 
advanced into the occluded intracranial carotid, and a thrombectomy was 

  Fig. 7.2    Basilar artery thrombectomy. ( a ) Complete occlusion of the basilar artery is seen at the 
level of AICA ( arrow ). ( b ) Super-selective microcatheter injection demonstrates placement of the 
microcatheter tip ( arrow ) distal to the clot burden. ( c ) The distal tines ( arrow ) of the stent retriever 
are seen at the level of the distal basilar artery. ( d ) The basilar artery remains patent after retrieval 
of the stent retriever       
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performed with continuous aspiration and a separator wire. After recanalization of 
the left ICA, the reperfusion catheter was advanced into the distal left MCA, and 
an additional thrombectomy was performed with continuous aspiration and a sepa-
rator wire. Subsequent angiographic imaging from the guide sheath demonstrated 
recanalization of the left MCA. There was unintended branch occlusion of the 
ipsilateral anterior cerebral artery that resolved spontaneously. The stroke evalua-
tion also included an echocardiogram that demonstrated severe stenosis of the aor-
tic valve with left atrial enlargement secondary to childhood rheumatic heart 
disease (Fig.  7.3 ).

  Fig. 7.3    Carotid-terminus thrombectomy. ( a ) Complete occlusion of the left ICA is seen at the 
level of the posterior communicating artery segment ( arrow ). ( b ) The left ICA is recanalized with 
the aid of the separator wire ( arrow ) and reperfusion catheter. ( c ) The reperfusion catheter ( arrow ) 
is advanced into the occluded left MCA and aspiration is performed. ( d    ) The left MCA remains 
patent after removal of the reperfusion catheter       
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       Tandem ICA/MCA Occlusions 

 Occlusions of cervical ICA and ipsilateral MCA comprise about 7 % of all acute 
intracranial large artery ischemic strokes [ 25 ]. Tandem ICA/MCA occlusions are 
associated with poor outcomes after intravenous thrombolysis [ 33 ]. Revascularization 
of the proximal ICA with stent placement and angioplasty followed by mechanical 
thrombectomy to achieve recanalization of the intracranial arterial occlusion has 
been demonstrated as safe and feasible with reported good recanalization rates and 
functional outcomes [ 34 – 36 ]. This technique has also been reported to be safe and 
feasible in tandem ICA/MCA occlusions in the setting of acute ICA dissection [ 37 ]. 

   Illustrative Case 4 (Tandem ICA/MCA Occlusion) 

 A 52-year-old man without signifi cant past medical history acutely developed 
vision loss in the right eye and left hemiparesis. He received intravenous throm-
bolytics in the emergency room, but his defi cits persisted. A subsequent cerebral 
angiogram demonstrated a fl ame-shaped taper of the right ICA most consistent 
with a dissection. A Penumbra reperfusion catheter was successfully navigated 
distal to the carotid dissection. Subsequent super-selective angiographic imaging 
demonstrated complete occlusion of the right MCA at its origin. A carotid stent 
was deployed across the dissected segment of the cervical ICA. We did not 
administer heparin or antiplatelet agents since IV thrombolytics had been admin-
istered. A Penumbra reperfusion catheter was then advanced into the right MCA, 
and the thrombectomy was performed with continuous aspiration and a separator 
wire (Fig.  7.4 ).

       Acute Large Artery Occlusion in Anticoagulated Patients 

 Patients with acute ischemic stroke receiving coumadin (with INR > 1.7) or newer 
anticoagulants are considered ineligible for IV thrombolysis due to perceived risks 
of ICH. Case series have reported safety and feasibility of IAT in patients receiving 
therapeutic doses of anticoagulants [ 38 ,  39 ]. The American Heart Association/
American Stroke Association (AHA/ASA) guidelines also recently suggested endo-
vascular therapies as a reasonable approach to treat patients with acute large artery 
occlusions in whom IV thrombolysis is contraindicated [ 40 ].  
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   Complications Associated with IAT in Ischemic 
Stroke (See Chap.   3    ) 

 Certain complications such as arterial dissections/perforations, contrast-induced 
renal dysfunction, and groin hematomas can occur in any endovascular procedure. 
However intracranial hemorrhage occurring post-procedure is specifi cally associated 
with IA thrombolysis for ischemic stroke. Earlier studies reported an incidence of 

  Fig. 7.4    Endovascular treatment for tandem occlusion—carotid artery stenting followed by MCA 
thrombectomy. ( a ) The cervical right ICA demonstrates a fl ame-shaped taper ( arrow ) consistent 
with a dissection. ( b ) Super-selective angiogram distal to the carotid dissection demonstrates 
occlusion of the right MCA ( arrow ). ( c ) Successful deployment of a carotid stent across the dis-
section results in recanalization of the right ICA. ( d ) The reperfusion catheter ( arrow ) is success-
fully advanced into the right MCA for thrombectomy       
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ICH on follow-up CT scans in almost 50 % patients following IA thrombolysis [ 41 ]. 
However majority of these patients (43 %) had an asymptomatic ICH that was con-
sidered a marker of reperfusion and did not adversely affect outcomes. The recently 
concluded IMS-III and MR RESCUE trials [ 42 ,  43 ] reported rates of symptomatic 
ICH in the range of 4–6.2 % indicating that IA thrombolysis can be performed safely. 
Reducing the number of microcatheter contrast injections during the procedure has 
been suggested as a way to reduce the risk of hemorrhagic conversion [ 44 ].  

   Periprocedural Management (See Chap.   3    ) 

 The role of general anesthesia (GA) and intubation pre-procedure is controversial. 
In one retrospective study, poorer neurologic outcomes and higher mortality were 
noted in patients receiving GA when compared to conscious sedation [ 45 ]. It has 
been postulated that treatment delays associated with intubation and blood pressure 
changes associated with induction of GA could be factors affecting overall progno-
sis. Many centers therefore prefer conscious sedation whenever possible to mini-
mize delays in therapy. Patients should be observed closely in an intensive care unit 
with close attention to the neurologic as well as hemodynamic monitoring follow-
ing protocols similar to post-IVT.  

   Conclusions 

 As evident from the results of recently concluded clinical trials [ 42 ,  43 ], avoiding 
delays, achieving rapid recanalization, and identifying patient subgroups (see Chap.   6    ) 
that will benefi t from IA thrombolysis are the key to optimizing outcomes.     
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           Introduction 

 Cerebral venous thrombosis was fi rst recognized in 1825 by Ribes, who described 
the autopsy of a patient with sagittal sinus thrombosis [ 1 ]. It is an infrequent 
form of stroke, accounting for 0.5 % of all cases, but is increasingly recognized 
[ 2 ]. Certain populations may be at especially high risk, with rates as high as 20 % 
in young, Asian women [ 3 ,  4 ]. Finally, there is increasing diagnosis of CVT in 
children [ 5 ].  
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   Anatomy/Pathophysiology (See Chap.   2    ) 

 CVT can affect three types of cerebral venous structures: the dural sinuses, the cor-
tical veins, and the deep cerebral veins. The sagittal (60–75 %) and lateral sinuses 
(70–85 %) are involved more frequently than the deep venous system. In about 
75 % of cases, multiple veins or sinuses were affected [ 6 ]. The location of venous 
thrombosis is an important factor because deep cerebral and cerebellar vein throm-
bosis is associated with a higher mortality than thrombosis of superfi cial veins [ 7 ]. 

 The exact trigger for CVT is usually unknown, but factors such as dehydration, 
hypercoagulable states, and infl ammation—either local or systemic—are consis-
tently associated. Infection is one of the most commonly seen infl ammatory states 
[ 8 ] (Table  8.1 ).

   Occlusion of the cerebral veins causes localized edema and venous infarction. 
Microscopic examination shows enlarged, swollen veins, edema, ischemic neuronal 
damage, and petechial hemorrhages. These petechial hemorrhages can merge to 
become large hematomas. Both cytotoxic (cellular swelling in the setting of apop-
tosis) and vasogenic (blood-brain barrier breakdown and extravascular extravasa-
tion of fl uid) edemas occur [ 9 ]. 

 A second, less dramatic cause of clinical symptoms in CVT is increased intracra-
nial pressure (ICP). This is generally caused by isolated or predominant dural sinus 
thrombosis. Thrombus in this location leads to poor CSF drainage and absorption 
by the arachnoid granulations. A combination of these two mechanisms is often 
present in the most severe cases [ 10 ].  

  Table 8.1    Risk factors for 
cerebral venous thrombosis  

 Pregnancy 
 Puerperium 
  Infection related  
   Direct septic trauma 
   Cerebral abscess 
   Subdural empyema 
   Meningitis 
   Tuberculous meningitis 
   Otitis media 
   Orbital cellulitis 
   Tonsillitis 
   Dental infections 
   Stomatitis 
   Cellulitis 
   Septicemia 
   Pulmonary tuberculosis 
   Endocarditis 
   Measles 
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   Hepatitis 
   Herpes simplex 
   Varicella zoster 
   Cytomegalovirus 
   HIV 
   Malaria 
   Trichinosis 
   Toxoplasmosis 
   Aspergillosis 
   Cryptococcosis 
  Hypercoagulable disorders  
   Protein C defi ciency 
   Protein S defi ciency 
   Antithrombin III defi ciency 
   Factor V Leiden mutation 
   Prothrombin gene mutation 
   Homocystinemia/homocystinuria 
   Essential thrombocythemia 
   Primary polycythemia 
   Plasminogen defi ciency 
   Tissue plasminogen defi ciency 
   Elevated plasminogen activator inhibitor-1 
   Dysfi brinogenemia 
   Heparin-induced thrombocytopenia (HIT) 
   Increased factor VIIIc 
  Medication related  
   Oral contraceptive pills 
   Androgens 
   Antiestrogen therapy 
   Antineoplastic agents: cisplatin,  L -asparaginase 
   Sildenafi l 
   Carbamazepine 
  Malignancy  
   Squamous cell metabolic cervical cancer 
   Non-Hodgkin’s lymphoma 
   Bilateral glomus tumors 
   Colorectal cancer 
   Epidermoid carcinoma of tongue 
   Dysgerminoma 
   Ewing’s sarcoma 
   Allogenic transplant for acute lymphoblastic leukemia 
   Paraneoplastic syndrome 
   Meningioma 
  Rheumatologic disease  
   Behcet’s disease 

Table 8.1 (continued)
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   Clinical Presentation 

 Consistent with the variations in the underlying pathophysiology, clinical presenta-
tions also vary signifi cantly, depending of the type and extent of venous thrombosis. 
This variability makes diagnosis, at times, challenging. There are three large catego-
ries of clinical features [ 11 ]:

•    Headache with/without papilledema: headache is by far the most common 
 symptom in CVT, occurring in 90 % of cases. It may occur suddenly, but more 
 commonly is gradual in onset. The triad of headache, vomiting, and papilledema 
occurs in only 20–40 % of CVT patients, but is the most consistently identifi ed 
clinical pattern.  

•   Focal brain irritation/injury: focal neurologic signs, including sensory and motor 
defi cits, aphasia, or hemianopia, develop in 40–60 % of patients with 
CVT. Seizures occur in about 40 % of patients. Seizures may be focal or general-
ized. Status epilepticus is one of the more damaging manifestations of CVT.  

•   Obtundation/coma: found in 15–19 % of patients at presentation. These signs are 
usually seen in patients with extensive thrombosis of the deep venous system and 
bilateral thalamic involvement or with generalized seizures. This presentation 
can also be seen in patients with large unilateral lesions causing mass effect and 
herniation. Coma at presentation is the strongest predictor of poor outcome in 
CVT [ 10 ,  12 ].     

   Antiphospholipid antibody syndrome 
   Systemic lupus erythematosus 
   Wegener’s granulomatosis 
   Churg–Strauss syndrome 
  Other conditions  
   Nephrotic syndrome 
   Paroxysmal nocturnal hemoglobinuria 
   Iron defi ciency anemia 
   Sickle cell anemia 
   Infl ammatory bowel disease 
   Trauma 
   Lumbar puncture 
   Endocrine disorders: diabetes, thyroid disease 
   Renal allograft 
   Dehydration 
   Anemia 
   Prolonged airline fl ights 

Table 8.1 (continued)
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   Radiological Features 

 The most commonly utilized neuroimaging studies, non-contrast head CT and MRI, 
may be normal in CVT patients. Hyperdensity of the dural sinuses may be detected 
by the meticulous neuroimager but is only 25 % sensitive for this condition [ 13 ]. 
The famous “empty delta” sign is seen on contrast CT or MRI. An axial or coronal 
image through the torcular Herophili or superior sagittal sinus will show the trian-
gular enhancement of the dural walls, but no contrast enhancement within the lumen 
due to clot. However, even this sign is only found in 30 % of CVT [ 14 ]. For this 
reason, venography is crucial to rule out CVT. MR venography and CT venography 
are both effective tools to image the dural sinuses, but are less sensitive for cortical 
vein and deep vein thrombosis. The sensitivity may be increased with catheter angi-
ography, but must be accompanied by a high index of suspicion on the part of the 
angiographer. Catheter angiography also has the advantage of providing a dynamic 
assessment of venous fl ow/fl ow restriction [ 15 ] (Fig.  8.1 ).

      Medical and Surgical Management 

 Once CVT has been diagnosed, the fi rst line of therapy should include aggressive 
hydration and anticoagulation. The evidence base for anticoagulation in the setting 
of CVT is not deep, but the two published, prospective, randomized trials point to 
its benefi t [ 16 ,  17 ]. A meta-analysis showed over 50 % reduction in death and dis-
ability compared to placebo [ 18 ]. It is important to emphasize that anticoagulation 
appears effective even in the setting of intracerebral hemorrhage (ICH). 

  Fig. 8.1    ( a ) Gadolinium-enhanced sagittal MRI showing thrombus within the superior sagittal 
sinus (SSS). ( b ) Lateral projection cerebral angiogram confi rming SSS thrombosis and demon-
strating the collateral venous drainage patterns       
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 Both unfractionated (UFH) and low molecular weight heparin (LMWH) have 
been used to achieve anticoagulation in the acute setting [ 16 ,  17 ]. UFH has the 
advantage of rapid normalization of coagulation parameters once the intravenous 
drip is turned off LMWH, on the other hand, maintains a more consistent therapeu-
tic effect. In a mildly affected patient (i.e., headache and papilledema), LMWH may 
be relied upon. However, in the unstable or deteriorating patient, UFH should be 
utilized. This is especially true in the setting of ICH where hematoma expansion 
would necessitate prompt cessation of the anticoagulant effect. Although clinical 
trial evidence is lacking, it is common practice to transition from UFH or LMWH to 
oral anticoagulation once clinical stabilization/improvement is noted. The duration 
of oral agent use can be tailored to the particular patient. Typically, it is maintained 
until clot resolution is visualized on follow-up imaging (3–6 months). In patients 
with ongoing risk (e.g., a hypercoagulable condition), lifetime treatment may be 
required [ 19 ]. 

 Seizure prophylaxis in CVT patients is somewhat controversial, but should be 
considered when signifi cant cortical edema or hemorrhage has occurred [ 20 ]. Once 
seizures have occurred, however, initiation of an antiepileptic agent (AED) is uni-
versally recommended [ 21 ]. Status epilepticus is a not uncommon and particularly 
deadly manifestation of CVT and requires the use of intravenous agents. 
Fosphenytoin and levetiracetam are effective agents with good side effect profi les. 
It is reasonable to continue oral AED treatment for up to 1 year to prevent delayed 
seizure activity. 

 Surgical therapies are also effective and at times life saving in CVT. Extraventricular 
drain (EVD) placement is particularly effective in patients with a predominant 
involvement of the dural sinuses and impaired CSF drainage due to venous hyper-
tension and obstruction of the arachnoid granulations by clot. In patients with sig-
nifi cant preexisting parenchymal injury and/or a herniation syndrome, however, 
EVD placement is generally not helpful [ 22 ]. However, decompressive surgery (i.e., 
hemicraniectomy) does appear to be effective in preventing death under these dire 
circumstances. Such surgeries may also reduce long-term disability [ 23 ,  24 ].  

   Endovascular Treatment 

   Patient Selection 

 Due to the low incidence of CVT and high rate of favorable outcomes following 
medical therapy alone, endovascular therapy’s role has taken only incremental steps 
forward over time. Current indications include:

•    Progression of neurological defi cits despite therapeutic anticoagulation: the fail-
ure of medical management in this setting has been defi ned using various crite-
ria. A progression of neurological symptoms despite therapeutic anticoagulation 
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is one common defi nition. Some authors feel that the neurological deterioration 
must be severe or even life threatening in nature to justify this approach. However, 
if neurological damage is allowed to occur, these patients may be too profoundly 
affected to respond successfully to recanalization [ 25 ].  

•   Intracranial hypertension refractory to fi rst-line treatment: in refractory patients, 
rapid recanalization using endovascular techniques may be benefi cial in lower-
ing ICP before irreversible vision loss occurs.  

•   Involvement of deep cerebral veins: as mentioned above, there is an emerging 
belief that delayed intervention reduces the chance of favorable recovery due to 
already irreversible neurological injury. This is especially true when the deep 
cerebral veins are involved due to the delicate nature of their adjacent structures 
(e.g., thalami and brainstem). Two studies identifi ed involvement of deep cere-
bral veins as a predictor of poor outcome suggesting that earlier, more aggressive 
treatment may be justifi ed in this population [ 10 ,  11 ].      

   Tool Review (See Chap.   1    ) 

•      Sheath : A 6- or 7-F venous sheath is generally recommended. A 4–6F arterial 
sheath is also utilized (the larger sizes allow continuous blood pressure monitor-
ing if needed). The authors favor a 90-cm guide sheath on the venous side to 
allow maximum support to subsequently used devices.  

•    Guiding catheter : We generally select a 6-F, 100-cm guiding catheter, with a 
45-degree angled tip. It can be used in conjunction with a 35-cm sheath or at 
times through a 90-cm guiding sheath to provide extra support.  

•    Access wires : A stiff hydrophilic 0.035″ Glidewire (Terumo, Somerset, NJ) is 
used to select and catheterize the internal jugular vein. A stiffer wire is more 
effective in crossing the valves of the internal jugular vein.  

•    Microcatheter : A 0.010-in. or larger microcatheter is generally used to infuse 
tPA once the clot is accessed. The Penumbra System™ (Penumbra, Inc., 
Alameda, CA) is a mechanical clot disruptor utilizing a reperfusion catheter and 
a separator wire (optional). The ACE reperfusion catheter is the largest available 
in the Penumbra System; the large inner diameter allows higher rates of clot 
extraction. It is delivered either over a microwire or through the use of a triaxial 
system (microwire, smaller microcatheter, and ACE catheter). Once the clot is 
crossed with the microwire, the ACE catheter is positioned at the proximal clot 
face. The wire and smaller delivery catheter can then be removed, and suction is 
applied to the clot. The clot may be successfully aspirated or “corked” in the 
distal tip or the ACE with both the clot and the ACE then removed from the body.  

•    Microwire : A variety of 0.014 microwires may be used to navigate the intracra-
nial vessels. Larger wires up to 0.035 in. may assist in navigating the larger cath-
eters, such as the ACE, across a clot.  
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•    Thrombolytic/antiplatelet agents :

 –     tPA : There is a great variation in the technique used to administer tPA in the 
setting of CVT. Generally a bolus dose (based on clot length—1 mg/1 cm of 
clot, or simply 10 mg) is administered along the length of the clot. This is fol-
lowed by a prolonged infusion ranging from a total of 50 mg up to 100 mg/
day for several days [ 26 – 28 ].  

 –    Urokinase : While favored in the early application of catheter thrombolysis to 
CVT, this agent has largely fallen out of use in intracranial thrombolysis.     

•    Mechanical devices :

 –    Balloons: A variety of compliant over-the-wire balloons have been utilized in 
the treatment of CVT, as have off-label semi-compliant coronary and periph-
eral vascular balloons. The dural sinuses are robust structures and able to 
withstand such techniques. However, care must be taken to avoid smaller 
venous channels [ 29 ].  

 –   Stent retrievers: Consist of a nitinol, slotted tube, stent attached to a microwire. 
The Solitaire device (Covidien, Irvine, CA) comes in a 4-mm and 6-mm- 
diameter and 15-mm to 30-mm lengths. It has the unique feature of a 
longitudinal slice that allows the stent to be folded upon itself, potentially 
creating greater clot engagement. It is delivered through the Marksman micro-
catheter (Covidien, Irvine, CA). The Trevo device (Stryker, Kalamazoo, MI) 
is 4 mm in diameter and 20 mm in length. It has two unique characteristics: a 
radio-opaque fi lament within the struts that allows greater visualization and 
deeper struts, potentially allowing greater clot engagement. It is packaged 
with a dedicated delivery microcatheter. The delivery catheter is positioned 
across the clot, and the microwire is removed. Next the stent retriever is 
inserted within the microcatheter and pushed to its distal end. The device is 
unsheathed while taking care to maintain the stent retriever across the clot. A 
period of 5 min is allowed to pass, permitting the stent to become fully 
enmeshed in the clot. The stent retriever is then pulled out of the arterial sys-
tem. The diameter of the dural sinuses typically exceeds 6 mm, making even 
the largest Solitaire device a bit undersized. However, signifi cant mechanical 
disruption can be achieved [ 30 ].        

   Procedural Steps 

 Arterial access is obtained and an arterial angiogram is performed to identify the 
site of occlusion within the cerebral veins and to characterize alternate venous 
drainage pathways. It is important to attach the diagnostic catheter to heparinized 
fl ush if it will be maintained in place during the thrombolysis procedure. The use of 
therapeutic systemic heparinization varies among practitioners. 

 A 6- or 7-F, 90-cm venous guiding sheath is favored by the authors for the 
 therapeutic portion of the procedure. This is due to the greater support a sheath 
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provides during the sometimes-diffi cult navigation across an organized thrombus. 
Other practitioners routinely use a guiding catheter, however. The sheath is intro-
duced over a 0.035-in. stiff guidewire and angle-tipped catheter into the common 
femoral and iliac veins and subsequently advanced through the inferior vena cava, 
right atrium, and superior vena cava under fl uoroscopic guidance. The guide sheath 
is advanced into the brachiocephalic vein and internal jugular vein. Arterial injections 
with delayed venous roadmap imaging of the internal jugular veins may be necessary 
to identify their origins and anatomical confi guration. With the guiding sheath in the 
internal jugular vein, there are a number of strategies that can be employed:

•     Lytic infusion : A microcatheter is advanced over a microwire under roadmap 
guidance. The microcatheter is guided to the site of the occlusion. The thrombus 
is crossed with the microwire utilizing a rotating motion. The microcatheter is 
then advanced over the wire. Care must be taken to remain in the main channel 
of the dural sinus. Microcatheter venography will help confi rm that the micro-
catheter is in the desired location. The lytic agent, most commonly tPA, can be 
delivered at an interval along the length of the clot if desired. An infusion pump 
is then attached to the microcatheter and lytic agent is slowly infused over the 
desired time window.  

•    Mechanical disruption :

 –     Wire maceration : It is possible to use a shaped 0.014- or 0.035-in. wire to 
fragment the clot to a limited extent. However, this technique alone is rarely 
successful in the large dural sinuses.  

 –    Angioplasty : Coronary and peripheral vascular over-the-wire balloons have 
been used to disrupt large clots and potentiate thrombolysis. The use of these 
devices should be limited to the large dural sinuses in order to avoid vessel 
rupture.  

 –    Stent retrievers : These relatively new devices have also been used with some 
success to disrupt large volume thrombi and allow suction thrombectomy or 
potentiate thrombolytics.     

•    Suction thrombectomy : Until recently, the ability to suction thrombus out of the 
large dural sinuses has been limited. One limiting factor was the relative stiffness 
of the existing peripheral vascular rheolytic catheters (e.g., AngioJet, Possis 
Medical, Minneapolis, MN). The more fl exible catheters designed for arterial 
thrombectomy lacked a suffi ciently large inner diameter to ingest the large clots 
present in the dural sinuses. With the introduction of up to 0.060-in. inner diame-
ter, highly fl exible, suction catheters (e.g., ACE catheter, Penumbra Inc., Alameda, 
CA), there is great potential for improved speed and safety through the use of 
direct thrombus aspiration. The ACE catheter along with a 3MAX (Penumbra, 
Inc; Alameda, CA) telescoped catheter and 0.014-in. microwire (ADAPT tech-
nique) are used to access the clot. The microwire and 3MAX devices are removed 
once the ACE catheter is at the clot face. Either manual or mechanical suction is 
then applied. The clot is either ingested into the catheter or “corked” at the tip. 
If corking occurs, both the ACE and clot are removed as a unit [ 31 ].    
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   Illustrative Case 1 

 A 35-year-old man with no past medical history presented with acute-onset abdom-
inal pain to the local emergency room. He also complained of headache of 1 week’s 
duration. An abdominal CT scan showed superior mesenteric vein thrombosis, and 
neuroimaging (Fig.  8.2a ) showed a left temporal lobe venous infarct with hemor-
rhagic transformation. He was started on a therapeutic heparin drip but his head-
ache continued to progress with development of mild expressive aphasia and 
agitation. An angiogram was obtained with the intention to perform a mechanical 
thrombectomy if amenable.

  Fig. 8.2    ( a ) Axial, non-contrast head CT shows a left temporal venous infarct with hemorrhagic 
transformation. ( b ) Anterior–posterior projection angiogram showing occlusion of the left trans-
verse sinus (TS) and sigmoid sinus (SS). ( c ) Extensive clot extracted with the aid of the Solitaire 
stent retriever. ( d ) High-magnifi cation retrograde venogram showing restoration of venous drain-
age in the left TS and SS       
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   The angiogram revealed complete occlusion of the left transverse sinus, left 
sigmoid sinus, and left internal jugular vein (Fig.  8.2b ). Because the patient had 
worsened while on therapeutic anticoagulation, a decision was made to attempt 
mechanical thrombectomy. This was performed through a transvenous approach 
using a 6-F 80-cm guiding sheath placed in the right femoral vein and navigated to 
the right internal jugular vein. A 0.054″ guiding catheter was then navigated into 
the right transverse sinus and then into the left transverse sinus across the torcular 
Herophili. A microcatheter was then navigated through the guiding catheter over a 
0.014-in. microwire into the left transverse sinus and then the left internal jugular 
vein. After removing the microwire a 6 × 20 mm Solitaire thrombectomy device 
was deployed and clot retrieved (Fig.  8.2c ). A total of eight passes of the Solitaire 
device were performed serially in a distal-to-proximal manner. Control angiograms 
showed interval recanalization of the left transverse sinus and left internal jugular 
vein following thrombectomy (Fig.  8.2d ). The patient continued to have a compli-
cated hospital course due to systemic venous thrombosis and was diagnosed with 
catastrophic antiphospholipid antibody syndrome (CAPS). He recovered well on 
therapeutic anticoagulation and immunosuppressive therapy and was ultimately 
discharged home.      
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           Introduction 

 Juhn Atsushi Wada fi rst described intracarotid injection of the short-acting barbitu-
rate, sodium amytal, to anesthetize one-half of the brain in 1949 [ 1 ]. This was origi-
nally described as a way to protect the dominant hemisphere during electroconvulsive 
therapy but was later developed as a tool to evaluate the lateralization of speech 
dominance [ 1 ]. Brenda Milner et al. [ 2 ], who described this technique as way to 
evaluate memory, expanded the utility of hemispheric anesthesia. Currently, intrac-
arotid amytal injection (Wada test) is used to help determine the laterality of speech 
and memory prior to temporal lobe resection for medically refractory epilepsy or 
tumors. Unlike functional MRI (fMRI) that demonstrates what parts of the brain are 
active during a particular task, the Wada more directly demonstrates how residual 
brain might compensate after a surgical resection. In this way, the Wada gives infor-
mation similar to grid mapping only with less spatial resolution. In fact, Wada test-
ing, grid mapping, and fMRI are complementary studies in assessing the resectability 
of the eloquent cortex. 
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 The Wada starts by placing a standard diagnostic catheter into the internal carotid 
artery via a sheath in the femoral artery in a fully awake patient. A short-acting 
barbiturate or other anesthetic agent is then administered through the arterial cath-
eter to anesthetize the ipsilateral hemisphere while a neurologist and/or neuropsy-
chologist tests the patient’s speech function and shows them a number of items to 
remember. Once the medication effect has worn off, the patient is asked to recall the 
items that were shown during the test. The injection is then repeated on the other 
side. Data from each hemisphere are compared to determine the laterality of speech 
and memory (right, left, or codominant). Intra-procedural EEG recordings can be 
used to both monitor the effectiveness of the anesthetic injection, to determine when 
the anesthetic has worn off so that testing can resume, or to be sure the patient has 
not had a seizure during the procedure.  

   Procedural Steps 

   Patient Preparation 

 Wada testing is performed with the patient awake. Conscious sedation with either 
narcotics or anxiolytics is avoided to allow the patient to be alert during the testing. 
Intravenous access should be secured prior to testing to help administer medications 
quickly should the patient have a seizure, stroke, or vascular injury. Patients are 
required to fast overnight in the rare event that emergent intubation is required due 
to excessive barbiturate sedation.  

   Patient Positioning and Access 

 The patient is positioned supine on an angiographic table. Scalp electrodes can be 
placed if EEG recording during testing will be performed. The skin over the femoral 
artery is prepped with antiseptic solution and draped with a commercially available 
femoral angiography drape. A few milliliters of 1 % lidocaine is injected over the 
femoral artery at the level of the femoral head. Access to the femoral artery is 
obtained using a 21-gauge micropuncture needle. The Seldinger technique is used 
to insert a 10 cm long 4- or 5-French sheath into the common femoral artery.  

   Pre-procedure Angiography 

 A 4F or 5F diagnostic catheter is guided into the proximal internal carotid artery 
using standard angiographic techniques. The goal of pre-procedure angiography is 
to identify anatomical variants, such as a fetal PCA, a persistent carotid-basilar 
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anastomosis, or absent ACA, that might require special accommodations during 
testing (Fig.  9.1 ). The hemisphere giving rise to seizures should be tested fi rst so 
that if the full procedure must be interrupted, some clinically useful information 
would have been obtained.

   A standard anterior–posterior (AP) and lateral cerebral angiogram is performed 
on both sides to identify any relevant anatomical variations in the cervical or cranial 
vasculature. Angiography of the posterior circulation is not performed routinely, 
except when needed to further defi ne unusual vascular anatomy in the carotid distri-
bution or if selective PCA barbiturate injections will be performed.   

   Special Anatomical Considerations (See Chap.   2    ) 

   Fetal PCA 

 Patients with a fetal-type PCA may have fi lling of the basilar artery during routine 
angiographic injections (Fig.  9.2 ). In these patients, a rapid infusion of barbiturates 
may result in respiratory suppression, lethargy, and even autonomic instability due 

  Fig. 9.1    Lateral projection image of a persistent trigeminal artery. These fetal remnants may allow 
intra-arterial injections to affect the brainstem and thalami, potentially leading to impairment of 
consciousness and respiratory depression       
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to brainstem compromise. Wada testing can be performed safely in patients with a 
fetal PCA provided the barbiturates are injected slowly, as competitive fl ow from 
the basilar artery will usually prevent the drug from fl owing into the posterior circu-
lation. This can be confi rmed by doing a control run using contrast prior to drug 
infusion. In the rare case where a slow injection is not suffi cient to prevent refl ux 
into the basilar artery, the drug can be injected directly into the MCA using a 
microcatheter.

      Persistent Carotid–Basilar Anastomosis 

 Persistent carotid–basilar (PCB) anastomoses are an uncommon anatomical variant 
of the circle of Willis in which there is a direct connection between the carotid 
artery and the vertebrobasilar system (Fig.  9.1 ). Unlike the more common fetal PCA 
variant, patients with a PCB anastomosis often will have unavoidable fi lling of most 
if not the entire basilar artery during a routine cervical carotid contrast injections. 
Consequently, cervical carotid injections of barbiturates during Wada testing may 
result in severe respiratory depression, lethargy, and even autonomic instability. 

  Fig. 9.2    Lateral projection image of a fetal posterior cerebral artery. This common anatomical 
variant does not preclude carotid injection, but care must be taken to administer the agent gradually 
in order to avoid fi lling of the posterior circulation       
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Wada testing can be safely performed in patients with a PCB anastomosis if the 
barbiturates are injected into the carotid artery distal to the anastomosis using a 
microcatheter or balloon microcatheter.  

   Absent or Atretic A1 

 Patients with an absent or atretic ACA artery may have nearly all of the blood to the 
frontal lobes supplied by one carotid artery. Injections on the side of the dominant 
ACA will often cause bilateral frontal lobe suppression leading to behavioral 
changes such as dysinhibition and confusion. This effect may be particularly pro-
found when the dominant A1 is on the right side. In patients with an atretic but 
functional contralateral ACA, a softer injection will help to prevent the refl ux of 
barbiturates into the contralateral hemisphere. In patients with absence of the con-
tralateral ACA, direct injection of barbiturates into the MCA with a microcatheter 
on the side of the dominant A1 can be considered.  

   Carotid Occlusion 

 Rarely, a patient will be found to have an asymptomatic carotid artery occlusion or 
high-grade stenosis. In cases where testing from the ipsilateral carotid is not possi-
ble, barbiturate injections can be performed from the PCAs using a microcatheter.   

   Intracarotid Barbiturate Injections 

 A diagnostic cerebral angiogram is performed in the hemisphere giving rise to sei-
zures. If there are no complicated vascular anatomical features, the catheter is then 
fl ushed with heparinized saline, and the C-arm is repositioned to allow the neurolo-
gist and neuropsychologist free access to the patient’s head and arms. The patient is 
then given a brief tutorial regarding the testing procedure. 

 The test is initiated by having the patient raise both arms (braced by the neurol-
ogy team to avoid contamination of the sterile fi eld). As the patient counts backward 
from 100 aloud, a bolus of the anesthetic of choice is administered through the 
diagnostic catheter until the patient’s contralateral upper extremity becomes fl accid. 
Once the neurologist determines the bolus was effective, the neuropsychological 
testing is performed. During neuropsychological testing, the neurologist continu-
ously assesses the effi cacy of the anesthetic dose by looking for the return of muscle 
tone or movement in the affected extremity and by inspecting the EEG pattern. 
Once the neuropsychological testing is complete, the catheter is removed from the 
body and fl ushed. After the patient recovers from the effects of the anesthetic, the 
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second phase of neuropsychological testing of memory is completed along with 
assessment to ensure the patient has not had a stroke. The process is then repeated 
on the other side.  

   Potential Pitfalls 

 The Wada test has all the inherent risks associated with diagnostic cerebral angiog-
raphy including arterial dissection, stroke, and complications from bleeding but also 
has some unique consequences that may not be encountered in routine diagnostic 
testing. 

   Embolus 

 Emboli during Wada testing can occur as the result of clot formation on wires or 
catheters used for access, by dislodging plaque in the carotid artery or arch, or due 
to introduction of foreign particulate matter during contrast or drug injections. 
When an embolus is observed, whether symptomatic or not, the test must be discon-
tinued. The catheter should be bled back and fl ushed to remove any particulate 
material. For small, distal emboli that cannot be reached with a clot retriever, con-
sider administration of IA abciximab (0.25 mg/kg) through the arterial catheter or 
IA tPA (1–2 mg). A retrospective study of 677 patients showed that the incidence of 
stroke and the incidence of transient ischemic attack were both 0.6 % [ 3 ].  

   Seizure 

 A complex partial or generalized tonic–clonic seizure during Wada testing is a rare 
but not completely unexpected event with an incidence of 1.2 % [ 3 ]. Supportive care 
includes removing the diagnostic catheter and turning the head to the side to avoid 
aspiration. The use of lorazepam (2–4 mg) depends upon the patient’s history of 
isolated or serial seizures. Since the postictal state following a seizure may infl u-
ence the results of neuropsychological testing, the Wada is typically discontinued.   

   Pediatric Patient Testing 

 Wada testing of children 13 years and older is generally well tolerated without spe-
cial accommodations. Testing of preteen children as young as 6 years has been shown 
to be safe and effective provided appropriate pre-procedure training is performed. 
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Mild sedation with propofol during femoral access and control angiography in these 
young patients have been used to help improve comfort and compliance during Wada 
testing [ 4 – 6 ].  

   Pharmacology 

   Methohexital (Brevital) 

 Methohexital (JHP Pharmaceuticals, Parsippany, NJ) is supplied as a lyophilized 
powder. The powder is reconstituted in sterile water or normal saline to a concentra-
tion of 10 mg/ml. It is then passed through a syringe fi lter onto the sterile fi eld 
where it is further diluted with preservative-free saline to a fi nal concentration of 
1 mg/ml. An amount of 10 ml of methohexital (1 mg/ml) is drawn into a 10 ml 
syringe in preparation for injection. 

 The onset of action is nearly immediate (2–3 s). In most cases, 3–4 mg of metho-
hexital is needed to initiate anesthesia. Boluses of 1–2 mg of methohexital every 
90–120 s will be needed to maintain anesthesia during neurological testing. Full 
clinical and EEG recovery will take around 5–7 min [ 7 ].  

   Amobarbital (Amytal) 

 Amobarbital (Marathon Pharmaceuticals, Deerfi eld, IL) is supplied as a lyophilized 
powder. It is traditionally the fi rst-line agent for these procedures but has been sub-
ject to supply shortages. The drug is diluted in 5 ml of sterile water and is dissolved 
by rotating the vial—not shaking. It may take several minutes to completely dis-
solve. Additional saline is added to achieve a fi nal concentration of 25 mg/ml. The 
fi nal solution is then passed through a syringe fi lter on the fi eld to remove any par-
ticulate matter. Amobarbital should be used within 30 min of preparation. 

 Amytal dosing in adults is 125 mg, 5 ml administered at 1–2 ml/min. Up to an 
additional 50 mg (1–2 ml) may be administered, if needed, to induce hemiparesis. 
Lower doses of amobarbital (75 mg) have also been used effectively in adults in 
experienced centers, despite confl icting results from historical reports [ 8 ].  

   Etomidate (Amidate) 

 Etomidate (Hospira, Lake Forest, IL) is a nonbarbiturate hypnotic drug with a rapid 
onset of action. The liver rapidly metabolizes it. Etomidate is supplied as a sterile 
solution at a concentration of 2 mg/ml and can be diluted with saline. The onset of 
action after IA injection is approximately 45 s to 1 min, and its effects last approxi-
mately 5 min [ 9 ]. 
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 A protocol for using etomidate for Wada testing was fi rst published by Jones- 
Gotman [ 9 ]. Etomidate was administered as a 2 mg bolus in 4 ml of saline via infu-
sion pump followed by a rate of 6 ml/h. The patients were observed to be at baseline 
within 4–5 min of infusion cessation. A revised protocol using a single dose of 2 mg 
of etomidate diluted with 4 ml of saline delivered by hand injection over 60 s shows 
similar effi cacy and resulted in a reduction in induced seizures and myoclonus [ 10 ].  

   Propofol (Diprivan) 

 Propofol (AstraZeneca) is a short-acting nonbarbiturate hypnotic-sedative drug. Its 
short duration of action is due primarily to redistribution, but the liver eventually 
metabolizes it. It is available as a ready-to-use liquid oil-water emulsion in a con-
centration of 10 mg/ml per the manufacturer, propofol should be diluted with 5 % 
dextrose, although most published reports suggest diluting it with saline. Propofol 
can be fi ltered through a syringe fi lter with a pore size of 5 μm or greater. 

 Propofol is diluted to a fi nal concentration of 1 mg/ml with sterile saline. It should 
be noted that the manufacturer recommends diluting to no less than 2 mg/ml. Initial 
dosing is 10 mg per side. An additional 3–5 mg of propofol per side can be admin-
istered as necessary to achieve hemiplegia [ 11 ,  12 ]. A single bolus of 20 mg of 
propofol has also been shown to be safe and effective [ 13 ]. It has been suggested, 
however, that higher doses of propofol may be associated with more side effects. 
Pretest administration of 500 mg of methylprednisolone immediately prior to testing 
has been suggested to reduce the incidence of tonic posturing and rhythmic move-
ments that are sometimes observed during intracarotid propofol injections [ 12 ].  

   Lidocaine 

 It has been suggested that white matter structures are resistant to barbiturate anes-
thetics like amytal due to their lack of GABA receptors. As a result, lidocaine, 
which acts on sodium channels that are present in both white and gray matter, has 
been used as a complementary anesthetic agent during superselective Wada testing 
(also referred to as provocative testing) of both the spinal cord and brain [ 14 ]. 
Provocative testing with intra-arterial lidocaine has also been used to detect the 
blood supply of cranial nerves and the presence of dangerous anastomoses in the 
external carotid circulation [ 15 ]. It has been reported that lidocaine testing in addi-
tion to barbiturates can reduce the incidence of a false-negative result during pro-
vocative testing when compared to barbiturate injection alone [ 16 ]. 

 Lidocaine HCl injection (Hospira, Inc., Lake Forest, IL) is available in a 1 % 
(10 mg/ml) or 2 % (20 mg/ml) solution. Typically 10–20 mg is injected into each 
pedicle, depending on its size and fl ow characteristics. No more than 200–300 mg 
of lidocaine should be administered within 1 h.   
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   Superselective Wada Testing 

 Injecting barbiturates and other anesthetics into the posterior cerebral arteries 
(PCAs) and middle cerebral arteries (MCAs) can be used in patients with anatomi-
cal contraindications to a cervical ICA injection. Superselective Wada tests have 
also been used to assess for eloquent branches prior to AVM and aneurysm emboli-
zations [ 17 ]. 

   Superselective P2 Injections 

 The P2 segment of the posterior cerebral artery has been suggested as an alternative 
to the intracarotid Wada [ 18 ]. CT SPECT scans have confi rmed that microcatheter 
injections of amobarbital into the PCA are distributed to the hippocampus and 
amygdala and can be used to test for memory dominance without signifi cantly 
affecting speech [ 19 ]. 

 Superselective PCA injections are performed through a 0.018″ to 0.021″ micro-
catheter that has been advanced into the P2 segment using standard microcatheter-
ization techniques. The patient should be fully heparinized prior to advancing the 
guide catheter to prevent thromboembolic events. After performing a control micro-
catheter angiogram demonstrating that the catheter is in the P2 segment, the anes-
thetic of choice in injected. Dosages should mirror those used for standard WADA 
testing.  

   Superselective MCA Injections 

 Superselective M1 injections have been suggested as an alternative to intracarotid 
Wada testing in patients with fetal-type PCAs or a hypoplastic A1 to avoid somno-
lence and mood changes [ 20 ]. Selective MCA injections have been shown to be 
effective in determining the laterality of speech and motor function in patients 
undergoing hemispherectomy, but it has been suggested that it may be ineffective 
for lateralizing memory due to the fact that the drug does not reach the anterior 
choroidal artery [ 20 ]. 

 Superselective MCA injections are performed using a 0.018″ to 0.021″ micro-
catheter advanced into the M1 segment of the middle cerebral artery. As with other 
superselective catheterizations, the patient should be fully heparinized prior to 
advancing the guide catheter into the carotid artery. After performing a control 
angiogram through the microcatheter to ensure that both MCA branches are fi lled 
and that the tip of the microcatheter is not in a perforator, the anesthetic of choice is 
injected. Dosages should mirror those used for standard WADA testing.  
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   Illustrative Case 1 

 The patient is a 28-year-old right-handed female with a history of partial complex 
seizures since age 12. The events typically consist of behavioral arrest and a “glassy- 
eyed look” for a minute followed by confusion, fatigue, and amnesia. No aura is 
reported. Inpatient long-term monitored scalp EEG recordings suggest a left tempo-
ral focus, although right parasagittal sharp waves were noted on rare occasion. MRI 
and PET scans show no focal abnormality. 

 The patient is currently managed on carbamazepine 400 mg TID and topiramate 
200 mg bid but still has 1–2 episodes per day. She has previously failed management 
of her epilepsy with Vimpat, Trileptal, Keppra, Zonegran, Dilantin, and Lamictal. 

 Access was obtained to the right femoral artery using a micropuncture needle. 
The Seldinger technique was used to cannulate the right femoral artery with a 
5-French 10 cm vascular sheath. The left internal carotid artery was catheterized 
using a 5F angled Glidecath (Terumo, Somerset, NJ, USA) diagnostic catheter. A 
standard angiographic run of the brain from the left ICA revealed fi lling of the top 
of the basilar artery via a fetal PCA (Fig.  9.3a ). Refl ux into the top of the basilar 
artery is prevented by a more gentle injection of contrast (Fig.  9.3b ). Using a rela-
tively slow rate of injection, 7 mg of Brevital (JHP Pharmaceuticals, Rochester, MI) 
was injected into the left ICA over approximately 10 s, and the clinical portion of 

  Fig. 9.3    ( a ) Cerebral run from the left ICA at standard injection rate shows fi lling of the top of the 
basilar artery ( arrow ). ( b ) Injecting at a slower rate prevents refl ux into the basilar artery suggest-
ing that slow injection of the barbiturate will not likely result in signifi cant brainstem anesthesia       
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the Wada test was performed by a neurologist and neuropsychologist. The Brevital 
was redosed at 1-minute intervals as needed to maintain hemiparesis (up to 10 mg 
total). The process was then repeated on the right side. A 5-French Mynx closure 
device (AccessClosure, Santa Clara, CA, USA) was used to close the arteriotomy.

   The results of the Wada test suggested that the left hemisphere was dominant for 
speech. Memory was not signifi cantly affected by either the right or left carotid 
injections. EEG monitoring performed during the test showed left parietal sharp 
waves at P3 and P7. No EEG abnormalities were noted in the right hemisphere. 
Based on the results of the Wada test, further seizure mapping was performed using 
bilateral subdural grid monitoring. A vagal nerve stimulator was later inserted.      
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           Introduction 

 Unruptured intracranial aneurysms (UIA) are those in which there is no evidence of 
a breach in the aneurysm wall. These aneurysms are most commonly found inciden-
tally or in the setting of aneurysm-related mass effect. With the increasing utilization 
and quality of noninvasive cerebral imaging, the detection of UIAs has become more 
frequent. Treatment decisions surrounding UIAs can be complex and fall into three 
general categories: observation, endovascular treatment, or open surgical repair. In 
order to advise a patient on the best option, it is important for the involved physicians 
to understand the natural history, risk factors for rupture, and risks of treatment. 

 Cerebral aneurysms measuring more than 25 mm in diameter are considered 
giant intracranial aneurysms (GIAs) [ 1 ]. Despite the many surgical options and 
advances in endovascular therapies, treatment of GIAs remains challenging. The 
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goal of treatment is to isolate the aneurysm from the circulation while maintaining 
patency of the parent vessel and the distal arterial tree. This can be particularly chal-
lenging for GIAs not only because of their size but also because they frequently (a) 
are wide necked, (b) incorporate arterial branches into the sac, (c) harbor thrombus 
in the dome risking thromboembolic events, (d) cause mass effect, and (e) obscure 
anatomical features important for intervention. In addition to removing the risk of 
rupture, treatment goals specifi c to GIAs include reduction in mass effect and pre-
vention of thromboembolic complications [ 2 ] (see Chap.   15     for ophthalmologic 
presentations of UIAs).  

   Natural History 

 The most rigorous medical literature on the natural history of UIAs consists of ret-
rospective or prospective cohort studies. Such studies have signifi cant limitations 
including selection bias. Aneurysms followed in these trials may be those in which 
surgical risk is thought to be high or the need for treatment low. An additional limi-
tation is the lack of a control arm. Never the less, certain factors have been consis-
tently associated with rupture risk in these studies: 

  Size  has been identifi ed as a predictor of rupture risk. The International Study of 
Unruptured Intracranial Aneurysms (ISUIA) is the most referenced study of the 
natural history of UIAs. This study consisted of a retrospective and prospective 
cohort. In the prospective cohort, 4,060 patients were included of which 1,692 
patients were not treated. The patients were divided into group 1 (no previous SAH) 
and group 2 (previous SAH from another aneurysm). The average follow-up was 
4.1 years. They found a progressively increasing risk of rupture with increasing 
aneurysm size. Overall, it appeared that posterior circulation aneurysms ≥5 mm 
(including posterior communicating artery aneurysms) had a high enough rupture 
risk to warrant preventative treatment. In the anterior circulation, aneurysms ≥7 mm 
(excluding the extradural carotid artery where rupture risk was extremely low) were 
thought to warrant treatment. Aneurysms <7 mm found in the setting of a prior SAH 
(group 2) also showed higher rates of rupture justifying treatment [ 3 ]. In the 
Unruptured Cerebral Aneurysm Study (UCAS) of Japan, 6,697 aneurysms were 
included. Using the 3–4-mm size as a reference, the hazard ratios for rupture were 
3.35, 9.09, and 76.26 for 7–9-mm, 10–24-mm, and >25-mm aneurysms, respec-
tively [ 4 ]. While aneurysm size is clearly an important factor, it cannot be used in 
isolation to determine whether an UIA should be treated. 

  Location  of an aneurysm is also related to the risk of rupture. The prospective 
ISUIA cohort identifi ed a relative risk of rupture (with the intradural internal 
carotid artery as the reference) of 2.3, 2.1, and 0.15 for aneurysms of the basilar 
apex, posterior communicating artery, and cavernous carotid, respectively [ 3 ]. The 
UCAS of Japan identifi ed the anterior communicating artery (ACoA) to be the 
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location with highest rupture risk followed by the posterior communicating artery 
(PCom) artery, basilar apex/superior cerebellar artery (SCA), middle cerebral 
artery (MCA), vertebral artery/posterior inferior cerebellar (PICA)/vertebrobasilar 
junction, and internal carotid artery in descending order. They found that ACoA 
and PCom aneurysms had a relatively high rate of rupture even when smaller than 
7 mm. Posterior circulation aneurysms excluding PCom aneurysms were not more 
prone to rupture [ 4 ]. A meta-analysis by Wermer et al. found the posterior circula-
tion (not including the PCom) had the greatest relative risk of rupture followed by 
PCom, MCA, and non- PCom ICA aneurysms, with cavernous sinus aneurysms 
having the lowest relative risk [ 5 ]. 

 The  morphology  of an aneurysm such as the presence of daughter sacs, the ratio 
of aneurysm height to neck width (aspect ratio), and the anatomical relationship to 
the parent vessel may contribute to the risk of rupture. Multiple studies have com-
pared morphological characteristics of ruptured to unruptured aneurysms and found 
an association between lobulation or daughter sacs and rupture [ 6 ,  7 ]. The UCAS 
Japan is the only prospective study to identify a daughter sac as a factor that 
increases the relative risk of rupture. The presence of a daughter sac was associated 
with a hazard ratio of 1.63 [ 4 ]. There has also been a suggestion that the presence of 
branching vessels adjacent to the aneurysm, the angle at which the aneurysm arises 
from the parent vessel, and the aspect ratio may increase the risk of rupture [ 8 ,  9 ]. 
The aspect ratio has also been shown to be signifi cantly higher in ruptured when 
compared to unruptured aneurysms in several studies [ 10 ,  11 ], while Esharkway 
et al. found only a height to width ratio >1, an irregular wall, and location at the 
main MCA bifurcation predicted rupture in MCA aneurysms [ 12 ]. 

  Presenting symptoms  and comorbidities of patients with UIA are also associ-
ated with rupture risk [ 5 ,  13 ]. A history of SAH contributes to the risk of rupture 
from UIAs. In the retrospective cohort study of ISUIA, there was a tenfold increase 
in the risk of rupture in the group of patients with a history of SAH and aneurysms 
less than 10 mm (group 2). However, this difference was not noted in larger aneu-
rysms [ 3 ,  14 ]. Patient age, sex (females are more likely to have a ruptured aneu-
rysm), smoking, and hypertension increase the risk of rupture [ 13 ,  15 ]. Of all the 
modifi able risk factors, smoking has been found to have the greatest association 
with multiple aneurysms [ 16 ,  17 ], growth of UIAs [ 18 ], and to independently 
increased risk of rupture [ 19 ]. In the meta-analysis by Wermer et al., both Japanese 
and Finnish descent increased the risk of rupture [ 5 ]. 

 Although the natural history of an individual aneurysm cannot be predicted with 
precision, the above factors should be considered when weighing the risk of rupture. 
The formula for calculating the risk of hemorrhage in a lifetime is 1 − (annual chance 
of not bleeding) × expected years of life. If a 30-year-old has a 5-mm basilar apex 
aneurysm (.5 %/year based on ISUIA data), their lifetime risk is 22 % based on an 
expected lifespan of 80 years. The aneurysm morphology, including the presence of 
geometric irregularity, and patient factors such as smoking, hypertension, alcohol 
use, and previous history of SAH also have to be taken into consideration.  
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   Noninvasive Management 

 Noninvasive or “conservative” management is often equated with doing nothing. 
However, patient education, modifi cation of risk factors, and routine screening can 
improve the outcomes in patients with UIAs. Smoking increases the risk of SAH 
from a UIA 2.1–3 times. Although former smokers still have a higher risk of SAH 
than never smokers, the risk is lower than for active smokers [ 16 ,  17 ]. Hypertension 
increases the risk of SAH by 2.5 times [ 20 ]. Patient education, immediate steps to 
modify lifestyle, and general medical health are imperative to reducing the risk of 
rupture and new aneurysm formation. 

 Change in aneurysm morphology or growth may imply an increased risk of rup-
ture. Therefore routine observation with noninvasive imaging to evaluate for 
increasing size, change in symptoms, or morphology should be considered in 
selected cases. Yasui et al. evaluated 25 aneurysms that were initially treated con-
servatively and went on to rupture. A majority of these aneurysms increased in 
diameter at the time of rupture [ 21 ]. The initial size of the aneurysm has been identi-
fi ed as a risk for growth on noninvasive imaging [ 22 ].  

   Surgical Management 

   Small and Large Aneurysms 

 The goal of surgery is to exclude the treated aneurysm from the circulation. The 
options for surgery include direct clip ligation, aneurysm trapping and bypass, and 
rarely wrapping of a dysplastic vessel or aneurysm. 

 After primary clipping of an aneurysm, the risk of residual aneurysm is 4–8 % 
[ 23 – 26 ]. In a series of 715 aneurysms that were clipped, there were 3.8 % (28 aneu-
rysms) with residual aneurysm sac of which 1 aneurysm rebled [ 24 ]. In a series by 
David et al., late angiographic follow-up was performed in 160 aneurysms. They 
found 2 recurrent aneurysms (1.5 %) out of 135 completely occluded aneurysms. Of 
the group with residual aneurysm, they found an annual hemorrhage rate of 1.9 % 
in those with a dog-ear residual. In those with broad-based residuals, there was a 
75 % rate of growth. Grouping all incompletely clipped aneurysms, they found a 
risk of recurrence of 2.9 % per year and 1.5 % risk of hemorrhage per year [ 23 ]. 

 Based on the ISUIA prospective cohort of 1,917 patients who underwent surgical 
clipping of UIAs, the 1-year mortality was 2.3 % and 1-year morbidity 12.1 %. Age 
>50 years was a strong predictor of poor outcome. Other factors that were predictive 
of poor surgical outcome were diameter greater than 12 mm, location in the poste-
rior circulation, previous ischemic disease, and aneurysm symptoms other than rup-
ture [ 3 ]. The Cleveland Clinic looked at their series of 449 UIAs treated by 10 
neurosurgeons. They compared the baseline modifi ed Rankin Scale scores (mRS) 
with 6-month mRS and found that 94 % of patients showed no functional worsening. 
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They found that surgeons with greater than 5 years experience prior to the onset of 
the study achieved better outcomes. Increasing patient age and aneurysm size were 
predictors of worsened functional outcome [ 27 ].  

   Giant Aneurysm 

 The surgical approach to GIAs is signifi cantly more challenging than the approach 
to smaller aneurysms. Stand-alone clip ligation is often impossible to perform safely 
due to diffi culty in visualizing the aneurysm neck and infl ow/outfl ow vessels due to 
the large size of the aneurysm sac. Several alternative and adjunctive techniques 
have been utilized in this setting:

•     Clip ligation : Anterior circulation GIAs are approached from a standard pteri-
onal approach often including frontal-orbitozygomatic extensions and orbital 
osteotomies, to improve exposure of the clinoidal, cavernous, and ophthalmic 
segments of the ICA. Additionally, proximal control frequently requires expo-
sure of the cervical carotid artery, particularly if an EC-IC bypass is required. 
These more complex anterior skull base approaches provide additional exposure 
to the undersurface of the frontal lobes, temporal lobes, and Sylvian fi ssure [ 28 ]. 

 Approaches to the basilar artery vary depending on the segment in question. 
Subtemporal or orbitozygomatic trans-Sylvian approaches provide access to the 
basilar apex and upper third of the basilar artery. The mid-basilar artery requires 
a transpetrosal or an extended retrosigmoid skull base approach; these approaches 
are associated with higher morbidity due to the venues needed for access [ 29 ]. 
The lower third of the basilar artery and the vertebrobasilar junction are better 
approached through a far-lateral suboccipital craniotomy [ 30 ]. Aneurysm treat-
ment in the posterior circulation is particularly challenging given the anatomical 
features of the skull base and soft tissue structures in the surrounding area, in 
addition to the smaller working space, increased diffi culty of obtaining proximal 
and distal vascular control, and morbidity associated with manipulation of the 
brainstem and its vascular supply. 

 Once the GIA has been exposed and adequate proximal and distal vascular 
control is achieved, debulking of the aneurysm sac for better visualization is 
often performed. To extend occlusive working times, techniques such as hypo-
thermia, barbiturate-induced burst suppression, and circulatory arrest have been 
employed. Hypothermic circulatory arrest is associated with a morbidity rate of 
13 % and a mortality rate of 8 % [ 29 ]. 

 The most common complications with surgical clip ligation of the GIA 
include major vessel occlusion, incomplete aneurysm obliteration, and damage 
to the perforating arteries resulting from clip migration. Lawton et al. reported a 
surgical mortality of 7 % and neurological morbidity of 11 % in their series of 
242 patients operated for GIAs [ 28 ].  
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•    Parent vessel occlusion (PVO) : Proximal occlusion of the vessel giving rise to a 
GIA can induce auto-thrombosis [ 31 ]. The success of this surgery is dependent 
on the thorough assessment of collateral circulation. This can be achieved 
through preoperative balloon occlusion testing (see Chap.   16    ) and/or the mea-
surement of “stump pressure” [ 32 ]. If the mean stump pressure decreases by 
30–70 % of the mean pre-clamping pressure on the ICA, and EEG monitoring 
does not change during the 15 min of temporary CCA occlusion; abrupt ligation 
of the CCA is performed with multiple 3-0 silk ligatures just below the CCA 
bifurcation. On the other hand, if the stump pressure is less than 30 %, an adjunc-
tive bypass is recommended. If the stump pressure is >70 %, the chance of auto- 
thrombosis is low, and aneurysm trapping or direct clipping is needed.  

•    Aneurysm trapping : Aneurysm “trapping” involves permanent occlusion of the 
infl ow and outfl ow of the aneurysm. EC-IC bypass to the distal vasculature 
allows for continued arterial fl ow after trapping. Patients who have a balloon test 
occlusion (BTO) prior to surgery and tolerate BTO with a hypotensive challenge 
are at low risk (<10 %) for stroke from arterial occlusion, and EC-IC bypass may 
not be required (see Chap.   16    ). In either case, it does provide an added level of 
safety long term.  

•    EC-IC bypass : Unclippable aneurysms require alternative techniques (e.g., 
 trapping, parent artery occlusion, excision, and aneurysmorrhaphy) that compro-
mise parent arteries and may require revascularization to restore adequate cere-
bral blood fl ow. Several bypass grafts are available for direct cerebral 
revascularization, and selection depends on whether low-fl ow bypass (superfi -
cial temporal artery (STA) or occipital artery (OA)) or a high-fl ow interposition 
free graft (saphenous vein (SV) or radial artery (RA)) is needed to establish 
adequate perfusion. The largest report on EC-IC bypass comes from the trial 
conducted in 1985 which involved 663 STA-MCA bypass procedures performed 
for symptomatic ICA or MCA narrowing or occlusion. The morbidity from 
major stroke and mortality rates following surgery were 2.5 % and 0.6 %, respec-
tively, at 30 days [ 33 ].      

   Endovascular Management 

 Endovascular surgery is an increasingly utilized option for the treatment of UIAs. 
At a large number of centers, it has overtaken open surgery as the primary treatment 
modality. To best evaluate endovascular treatment, it is important to critically assess 
the initial occlusion, recanalization, and re-rupture rates. The standard endovascular 
therapy for aneurysms with a favorable neck to dome ratio is coil embolization. The 
advent of balloon remodeling and stent-assisted coiling as well as fl ow-diverting 
stents has enabled the extension of endovascular techniques to treat less favorable 
aneurysms such as wide-neck aneurysms or GIAs. 
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   Equipment Review (See Chap.   1    ) 

•      Sheath : A 6-F sheath is the minimum size required for UIA coiling. A 35-cm or 
longer sheath is recommended to bypass tortuous ileac and femoral vessels and 
enhance guide catheter control. At times a guide sheath positioned in the com-
mon carotid artery or proximal internal carotid artery may be needed to provide 
support or a larger inner diameter.  

•    Guide catheter : A 6-F guide catheter is recommended in most instances. Several 
varieties are currently on the market. The traditional iteration has a fi xed angle 
tip designed to be positioned in the distal cervical carotid artery (e.g., MPC 
ENVOY; Codman Neurovascular; Raynham, MA). Newer guide catheters have a 
fl exible straight tip that can be positioned in the petrous segment safely (e.g., 
Neuron MAX; Penumbra Inc.; Alameda, CA). While the distal purchase is help-
ful at times, the trade-off is less stability/support.  

•    Microcatheter : A wide range of microcatheters is available for intracranial use. 
Optimal design features include trackability, stability within the aneurysm, and the 
ability to accommodate both 0.010-in. and 0.018-in. coil sizes. Most catheters are 
available in both pre-shaped and straight (may be steam shaped if desired) varieties.  

•    Microwire : Most practitioners employ a 0.014-in. 200-cm microwire for intracra-
nial navigation and aneurysm entry. Ideal wire characteristics include 1:1 extra-
cranial/intracranial torquability, a soft distal tip, and a supportive proximal shaft.  

•    Coils :

 –     Framing : Creates a shell that conforms to the inner surface of the aneurysm 
and bridges the aneurysm neck. Longer coil lengths may enhance neck cover-
age and reduce the number of coils needed.  

 –    Filling : Used to occlude the body of an aneurysm, these coils are usually 
 helical in shape and fl exible.  

 –    Finishing : The softest family of coils, designed to occlude the aneurysm neck 
without pushing the coiling catheter out of position.  

 –    Coated : Several coil types are coated with materials designed to enhance ini-
tial fi lling (e.g., HydroCoil; MicroVention-Terumo; Tustin, CA) or aneurysm 
healing (PRESIDIO; Codman Neurovascular; Raynham, MA).  

 –    Bigger and better? : The Penumbra Coil 400 (Penumbra Inc.; Alameda, CA) is 
the largest diameter coil on the market at 0.020 in. It has the potential advan-
tage of more rapid aneurysm occlusion and less compaction in the setting of 
large or giant aneurysm. These claims are still being evaluated in practice.     

•    Compliant balloon 

 –     Single lumen : The HyperGlide and HyperForm balloons (Covidien; Irvine, 
CA) have the longest track record in balloon-assisted coiling (BAC). The 
HyperForm is the most compliant and effectively herniates into an aneurysm 
neck. The HyperGlide is somewhat less deformable but also can be used in 
BAC. These catheters require the use of 0.010-in. microwires (X-Pedion 10; 
Covidien; Irvine, CA).  

10 Unruptured Intracranial Aneurysms

http://dx.doi.org/10.1007/978-1-4939-1942-0_1


156

 –    Dual lumen : Newer BAC catheters are designed with central lumen compati-
ble with a 0.014-in. wire and an outer parallel noncommunicating lumen that 
allows infl ation of a compliant balloon at the distal tip of the microcatheter. 
The inner lumen is designed to deliver compatible therapeutic agents. The 
Ascent catheter (Codman Neurovascular; Raynham, MA) has a proximal 
marker band 3 cm from the tip that facilitates the use of detachable coils. The 
Scepter catheter (MicroVention-Terumo; Tustin, CA) is designed for deliver-
ing coils but is somewhat more navigable and is compatible with Onyx liquid 
embolic (Covidien; Irvine, CA).     

•    Coiling scaffold stents : Two such stents are currently available. Both are nickel- 
titanium (Nitinol), laser slotted-tube stents. These stents are approved under the 
Food and Drug Administration’s Humanitarian Device Exemption. Hence, their 
use requires approval and monitoring by the local Institutional Review Board. 
The Neuroform EZ stent delivery system (Stryker; Kalamazoo, MI) can be deliv-
ered through an included 3-F microcatheter that is fi rst positioned across the 
aneurysm neck. It is an open-cell design, which may allow for greater fl exibility 
and facilitates complex multi-stent confi gurations. It comes in multiple sizes that 
can be tailored to the target vessel. The ENTERPRISE    stent (Codman 
Neurovascular; Raynham, MA) comes in 4.5-mm diameters only. It is delivered 
through a PROWLER SELECT Plus microcatheter (Codman Neurovascular; 
Raynham, MA). Its closed-cell design may more effectively prevent coil hernia-
tion into the parent vessel; however, concern has been raised about its tendency 
to “ovalize” on sharp turn, which may lead to stasis and clot formation. The 
ENTERPRISE stent can also be repositioned if partially deployed.  

•    Liquid embolics : Onyx HD-500 (ethylene vinyl alcohol; Covidien; Irvine, CA) 
has specifi c applications for aneurysm treatment and is the only FDA-approved 
liquid embolic agent for the treatment of intracranial aneurysms, as the primary 
curative strategy (HDE approval). Its use has decreased with the rise of fl ow- 
diverting stents.  

•    Flow diverters : The Pipeline Embolization Device (PED; Covidien; Irvine, CA), 
the fi rst fl ow-diverting stent to receive FDA approval, is one such device designed 
to treat intracranial aneurysms via fl ow diversion. Ultimately, neointimal hyper-
plasia across the aneurysm neck results in arterial wall reconstruction and aneu-
rysm sac occlusion [ 34 ]. The fl ow-diverting properties of the PED come from its 
design which is composed of 48 individual cobalt, chromium, and platinum 
strands providing 30–35 % metal surface area coverage when fully deployed [ 35 ]. 
This stands in stark contrast to the only 6–9.5 % wall coverage with conventional 
bare metal stents such as Neuroform EZ (Stryker; Kalamazoo, MI) and 
ENTERPRISE (Codman Neurovascular; Raynham, MA) [ 36 ]. PEDs are avail-
able with a nominal diameter from 2.5 to 5 mm in 0.25-mm increments. At the 
nominal diameter, the pore size is 0.02–0.05 mm 2 , and the radial force is approxi-
mately 2.0 mN/mm (3.0-mm vessel diameter). The PED is premounted on a stain-
less steel wire with a radiopaque 15-mm platinum tip extending beyond the end 
of the PED and is delivered via a 0.027-in. inner-diameter microcatheter [ 37 ].     
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   Small and Large Aneurysms 

•      Coil embolization : Given the rapid evolution of endovascular techniques and 
technology, it is important to give greater weight to more recent literature. The 
ISUIA prospective cohort of 451 patients treated endovascularly found 55 % 
complete obliteration, 24 % incomplete obliteration, and no obliteration in 18 %. 
Naggara et al. performed a meta-analysis of 71 studies between January of 2003 
and July of 2008 that demonstrated a complete obliteration rate of 86 % [ 38 ]. 
This indicates that there has been an increased rate of complete or near-complete 
aneurysm obliteration over the last 10 years.

 –     Pretreatment : The practice of pretreating elective coiling patients with 
 antiplatelet agents is gaining popularity based on the much higher incidence 
of thromboembolic complications than intra-procedural ruptures. Some 
groups use aspirin alone, while others use a combination of aspirin and clopi-
dogrel [ 39 ]. This practice also facilitates the safe use of balloon assistance or 
stent assistance if the need arises during the case.  

 –    Illustrative case 1 : A 47-year-old female was seen by her cardiologist for 
evaluation of syncope. During the evaluation, the patient underwent an MRI 
and MRA of the brain that showed an unruptured 7-mm posterior communi-
cating artery aneurysm. She underwent diagnostic cerebral angiography that 
showed a favorable neck to dome ratio, and coil embolization was selected as 
the treatment modality (Fig.  10.1a ). The patient was started on 3 days of aspi-
rin 325 mg daily and 5 days of clopidogrel 75 mg daily.

  Fig. 10.1    A 7-mm right posterior communicating artery UIA with a favorable neck to dome ratio 
( a ) treated with unassisted coil embolization ( b )       
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   A 6-F 35-cm BRITE TIP sheath (Cordis; Bridgewater, NJ) was placed in the 
right femoral artery, and intravenous unfractionated heparin was administered to 
achieve an activated clotting time of ≥250 s. A 6-F 100-cm MPC ENVOY guide 
catheter along with a 0.035-in. Glidewire (Terumo; Somerset, NJ) was navigated 
into the distal cervical carotid artery on the right. An Excelsior 1018 microcath-
eter (Stryker; Kalamazoo, MI) and a Synchro 0.014-in., 200-cm microwire 
(Stryker; Kalamazoo, MI) were then navigated into the intracranial circulation 
and used to select the aneurysm. A roadmap image at the previously selected 
coiling angles was obtained. The microwire was removed and a 7-mm PRESIDIO 
framing coil was deployed. Several HydroSoft (MicroVention-Terumo; Tustin, 
CA) fi lling coils and HyperSoft (MicroVention-Terumo; Tustin, CA) fi nishing 
coils were used to completely occlude the aneurysm (Fig.  10.1b ). She spent 48 h 
in the hospital and was discharge home off antiplatelet agents.     

•    Balloon-assisted coiling  
 Advanced techniques such as balloon remodeling, stent-assisted coiling (SAC), 
and fl ow diversion have increased the scope of endovascular treatment in UIAs. 
These techniques allow endovascular treatment in aneurysms with less favorable 
morphology such as wide-neck aneurysms. Although a few small series have sug-
gested an increased risk of thromboembolic complications with the use of bal-
loon remodeling, the ATHENA    study did not show a statistically signifi cant 
difference [ 40 ]. In addition to a similar safety profi le, balloon remodeling has a 
better immediate and follow-up anatomical result than coiling alone [ 41 ].

 –     Case study 2 : A 42-year-old woman who underwent MRI of the brain after a 
fi rst ever seizure showed a 1-cm carotid terminus aneurysm. The patient was 
unable to tolerate prolonged dual antiplatelet therapy due to prior life- 
threatening gastrointestinal bleeding. The patient was started on 3 days of 
aspirin 325 mg. Bilateral femoral arteries were accessed with 6-F 35-cm 
BRITE TIP sheaths, and intravenous unfractionated heparin was administered 
to achieve an activated clotting time of ≥250 s. Two 6-F 100-cm MPC ENVOY 
guide catheters along with a 0.035-in. Glidewire were navigated into the bilat-
eral distal cervical carotid arteries. A Scepter XC 4 mm × 11 cm balloon and a 
Synchro 14 microwire were navigated into the left anterior cerebral artery, 
across the anterior communicating artery, and into the right middle cerebral 
artery. An Excelsior 1018 microcatheter and a Synchro 14 200-cm microwire 
were then navigated into the intracranial right internal carotid artery used to 
select the aneurysm. A 9 mm × 33 cm PRESIDIO framing coil, followed by 
7 mm × 30 cm PRESIDIO framing coil, was deployed in a “Russian doll” 
manor, while the Scepter XC balloon was infl ated from the proximal MCA to 
proximal ACA. The remaining aneurysm was fi lled with a combination of 
HydroSoft fi lling coils and HyperSoft fi nishing coils (Fig.  10.2a, b ).

•          Stent-assisted coiling  
 Hong et al. performed a meta-analysis of ten retrospective cohort studies com-
paring standard coiling to SAC and concluded that although there was a slightly 
lower initial occlusion rate in the SAC group (57.6 % vs. 68.7 %), there was a 
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signifi cantly lower recurrence rate (16.2 vs. 34.4 %) and a higher progressive 
thrombosis rate (37.5 % vs. 19.4 %). There was no statistical difference in the 
complication rate between the two groups [ 42 ].

 –     Illustrative case 3 : The patient was a 49-year-old female who presented with 
a wide-neck basilar tip aneurysm found on CTA performed in the setting of 
severe headache (Fig.  10.3a ). Given the basilar tip location and wide-neck 
confi guration, stent-assisted coiling was selected as the treatment modality. 
The patient was started on 3 days of aspirin 325 mg daily and 5 days of 
 clopidogrel 75 mg daily.

   Diagnostic angiography showed a large posterior communicating artery on the 
left. The bilateral femoral arteries were accessed with a 6-F, 35-cm BRITE TIP 
sheath on the right and a 6-F 90-cm Flexor Shuttle guiding sheath (Cook Medical; 
Bloomington, IN) on the left. Unfractionated heparin was administered to achieve 
an ACT of ≥250 s. A 6-F Simmons II Slip-Cath (Cook Medical; Bloomington, IN) 
and 0.035-in. stiff Glidewire were inserted within the Shuttle sheath and used to 
position it within the proximal left internal carotid artery, just distal to the bulb. A 
6-F, 100-cm MPC ENVOY guide catheter was then inserted within the BRITE 
TIP sheath and, with the aid of a 0.035-in. Glidewire, navigated to the V2/V3 junc-
tion of the left vertebral artery. A PROWLER SELECT Plus microcatheter and a 
Synchro 14 microwire were then navigated into the intracranial left internal carotid 
artery and used to select the left posterior communicating artery. The microcath-
eter was used to enter the ipsilateral P1 segment, across the basilar tip, and was 
positioned within the contralateral P1 segment. A 4.5 mm × 20 cm ENTERPRISE 
stent was inserted within the microcatheter and advanced to its distal tip. An SL-10 
microcatheter (Stryker; Kalamazoo, MI) and a Synchro 14 microwire were then 
inserted within the guide catheter and navigated into the basilar tip aneurysm. 

  Fig. 10.2    A 1-cm right carotid terminus UIA with a wide neck ( a ) treated with balloon-assisted 
coiling ( b )       
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The PROWLER SELECT Plus microcatheter microcatheter was then withdrawn, 
deploying the ENTERPRISE stent from P1 to P1 segments, across the neck of the 
aneurysm. Coiling then commences through the “trapped” SL-10, with excellent 
aneurysm occlusion, conforming to the stent surface (Fig.  10.3a, b ). 

 Dual antiplatelet agents were used for 6 weeks, followed by aspirin only for 
life.        

   Giant Aneurysms 

 In one of the earlier reports on coil embolization of GIAs, 69 % of aneurysms were 
incompletely occluded at 6-month follow-up angiography (range, 1–11 months). 
These recurrences have been attributed to thrombus dissolution, coil compaction, or 
coil migration into preexisting thrombus. GIAs frequently require retreatment, 
sometimes more than once [ 43 ]. Even the use of BAC and SAC has not adequately 
addressed these high rates of recanalization [ 44 ,  45 ].

  Fig. 10.3    A wide-neck basilar tip UIA ( a ) treated with P1 to P1 ENTERPRISE stent-assisted coil 
embolization. Shows coils conforming to outer surface of the stent on anterior–posterior ( b ) and 
lateral ( c ) projections       
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•     Liquid embolics  
 Liquid embolic agents, such as Onyx HD-500, were introduced in an attempt to 
reduce the high recanalization rates seen described above. The CAMEO trial 
(Cerebral Aneurysm Multicenter European Onyx) was the largest study on the 
use of Onyx HD-500, the only FDA-approved liquid embolic agent for the treat-
ment of intracranial aneurysms, as the primary curative strategy. Out of the 100 
aneurysms treated, 19 were classifi ed as GIAs. All had complete (100 %) or 
subtotal (90–99 %) initial occlusion. Of the 19 GIAs, one (5 %) was reported to 
need retreatment for recurrence at 3-month follow-up angiography. However, 
four patients did not have 3- to 6-month follow-up outcomes reported, and three 
patients had complete or subtotal occlusion that progressed to incomplete or 
indeterminate occlusion [ 46 ]. 

 Liquid embolic delivery requires balloon infl ation across the aneurysm neck. 
The balloon must remain infl ated for at least 3 min after injection of the embolic 
agent, allowing the agent to precipitate inside the aneurysm. If the balloon is let 
down too soon, the liquid embolic agent can leak into the parent artery causing 
embolic occlusions. Additionally, the embolic agent can leak into the parent 
artery around the balloon if it is not infl ated adequately, yet if infl ated too much, 
arterial dissection or rupture can occur with devastating consequences. In the 
CAMEO trial, procedure- or device-related permanent neurological defi cits, 
including hemorrhage (ICH), ischemic stroke, or worsening cranial nerve defi cit, 
were present in 8/97 patients, and seven died, two of which were procedure 
related (one groin complication and one ICH from vessel dissection), one death 
was disease related, and four others were from unrelated causes. 

 These risks, along with concerns about long-term durability, have limited the 
use of liquid embolic agent use to treat GIAs.  

•    Parent vessel occlusion  
 Parent vessel occlusion (PVO) to treat GIAs of the carotid artery dates back to 
the eighteenth century when it was fi rst described by Cooper in 1809 [ 47 ]. From 
historical experience on surgical clamp occlusion, approximately 75 % of 
patients can tolerate surgical clamp occlusion of the ICA [ 48 ]. Surgical PVO has 
been discussed earlier in this chapter, and we will further discuss endovascular 
treatment here. 

 PVO can be performed by several techniques including coil embolization and/
or Onyx HD-500 embolization. In most patients with unruptured aneurysms pre-
senting with mass effect on the cranial nerves, symptoms are improved soon after 
therapy [ 48 ]. Complications from endovascular PVO therapy for GIAs include: 
(a) increased local mass effect from aneurysm thrombosis or the devices used to 
achieve aneurysm occlusion, (b) subarachnoid hemorrhage, and (c) stroke from 
thromboembolic events. In    a series of 15 patients undergoing endovascular PVO 
one patient developed new sixth cranial nerve palsy, three patients had access 
site complications, and one died from aneurysm rupture [ 49 ]. 

 Due to the recent developments in endovascular technology, there is a para-
digm shift toward vessel-preserving treatments such as the use of fl ow-diverting 
stents.
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 –     Illustrative case 4 : A 45-year-old woman presented with severe headache and 
ophthalmoparesis progressing rapidly to ophthalmoplegia. She underwent 
diagnostic angiography that showed a large partially thrombosed cavernous 
carotid artery aneurysm encompassing a large portion of the parent vessel 
(Fig.  10.4a ). Given the diffi culty in treating the aneurysm with vessel- preserving 
strategies and progressive nature of her symptoms, it was decided that parent 
vessel sacrifi ce should be considered. She underwent balloon test occlusion 
with hypotensive challenge without neurological defi cits (see Chap.   16    ). Robust 
fi lling through the anterior communicating artery was observed. Venous phase 
delay was <1 s. She subsequently underwent successful vessel sacrifi ce with 
long-term near-total resolution of her ocular symptoms (Fig.  10.4b ).

•          Flow diversion  
 Flow diversion is a highly promising, emerging technology that was initially 
developed to treat aneurysms with morphologies not amenable to coil emboliza-
tion. Flow diversion results in disruption of fl ow near the aneurysm neck, induc-
ing thrombosis in the aneurysm sac while keeping the physiological blood fl ow 
in the parent vessel and adjacent branches intact. 

 Reports on the use of the PED include aneurysms of all sizes. A literature 
review on the outcomes of aneurysmal fl ow diverters showed immediate angio-
graphic aneurysm occlusion in only 8–21 % of patients    [ 36 -7,  50 ]. However, 
over time the aneurysm occlusion rates were higher than conventional treatments 
with complete occlusion ranging from 69 % at 6 months [ 51 ] to >90 % at 1 year 
[ 36 ], even with large and giant aneurysms. The PITA trial (Pipeline for the 
Intracranial Treatment of Aneurysms) included 31 aneurysms, nine were large 
and two were GIA’s. Follow-up complete aneurysm occlusion was observed in 

  Fig. 10.4    An example of vessel sacrifi ce to treat a partially thrombosed giant cavernous carotid 
artery aneurysm ( a ) with adequate collateral supply via the anterior communicating artery post- 
occlusion ( b )       
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28 of 30 (93.3 %) patients, and residual aneurysm fi lling was noted in two (6.7 %) 
[ 52 ]. Some users have used a coil-assisted fl ow-diverter technique, whereby coils 
are placed into the aneurysm to promote better aneurysm sac occlusion, particu-
larly for large or acutely ruptured aneurysms. This has not been found to be 
associated with increased aneurysm occlusion rate [ 50 ]. Lubicz et al. advocates 
the use of additional coiling only in aneurysms with high risk of rupture or to 
restrict the PED coverage to a single device in order to minimize the risk of side 
branch occlusion [ 51 ]. If there is residual aneurysm after placing the PED, some 
interventionalists will place a second stent across the fi rst one to further increase 
the metal coverage of the aneurysm neck. 

 The main limitation of the PED is the potential latency period before aneu-
rysm thrombosis takes place; this is particularly challenging for ruptured aneu-
rysms [ 34 ]. Complications of the PED include in-stent thrombosis (6 %), in-stent 
stenosis (1 %), intracranial hemorrhage (3.8 %), and perforator vessel occlusion 
[ 37 ]. Szikora reported a 1.75 % rate of severe hemorrhagic complications (mostly 
delayed ipsilateral parenchymal or subarachnoid hemorrhage) after using the 
PED, resulting in a 0.75 % permanent morbidity rate and a 1 % mortality rate 
[ 53 ]. In PITA, two patients had periprocedural stroke, and no other neurologic 
deterioration was observed in any of the patients at discharge [ 52 ]. 

 Siddiqui et al. [ 54 ] recently reported their experience with fl ow-diverting 
stents in the treatment of large or giant intracranial vertebrobasilar aneurysms in 
seven patients. Pipeline devices were placed in six patients and the Silk Device 
(Balt Extrusion; Montmorency, France) in one patient. Four of seven patients 
treated with the PED died on follow-up, the other three had mRS scores of 5 
(severe disability), 1, and 0. The deaths resulted from aneurysmal rupture in two 
patients and poor neurological status related to presenting brainstem infarcts and 
subsequent withdrawal of care in the other two patients. This report has raised 
questions about the safety of fl ow diversion in the posterior circulation.
 –     Case study 5 : A 51-year-old woman presented with new-onset cranial nerve 

III palsy. MRI imaging revealed a giant right cavernous carotid artery aneu-
rysm. The PED was selected to treat the aneurysm. The patient was started on 
3 days of aspirin 325 mg daily and 5 days of clopidogrel 75 mg daily. Platelet 
aggregometry was performed to ensure adequate platelet inhibition. 

 A 6-F sheath was placed in the right common femoral artery. Unfractionated 
heparin was administered to achieve an ACT ≥ 250. A 5-F Simmons II 
Glidecatheter was navigated into the right internal carotid artery with the aid of 
a 0.035-in. Glidewire. The diagnostic catheter was then exchanged over a 0.035- 
in. Bentson wire    (Boston Scientifi c; Natick, MA) for a 7-F Shuttle sheath that 
was positioned within the proximal right internal carotid artery. A Navien 
(Covidien; Irvine, CA) 0.058-in. intracranial support catheter, a Marksman 
(Covidien; Irvine, CA) microcatheter, and a Synchro 14 microwire were navi-
gated past the aneurysm under roadmap guidance (Fig.  10.5a ). The microwire 
was removed and a 3.5 mm × 25 mm PED was deployed across the aneurysm 
neck creating stagnation of fl ow within the aneurysm (Fig.  10.5b ). The 6-month 
follow-up angiography showed complete remodeling of the parent vessel with 
resolution of the patient’s cranial neuropathy (Fig.  10.5c ).
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           Introduction 

 Subarachnoid hemorrhage (SAH) has a worldwide incidence of 10:100,000 [ 1 ,  2 ]. 
The vast majority, approximately 85 %, occurs as a result of ruptured cerebral aneu-
rysms. This estimate has remained fairly constant over the past two decades, despite 
the decreasing incidence of most other stroke types due to aggressive modifi cation 
of vascular risk factors. The average age of aneurysmal subarachnoid hemorrhage 
(aSAH) is 60.5 years [ 3 ,  4 ]. 

 While women outnumber men by 2:1 in overall prevalence, men under the age of 
fi fty are more likely than their counterpart to suffer an aSAH as estrogen is likely 
protective [ 5 ]. This effect diminishes as women approach menopause; the risk of 
aSAH is higher in women than men by the age of sixty [ 6 ,  7 ]. The higher overall 
incidence in women may be partly due to their longer life expectancy as the risk of 
aSAH increases with age. The risk for women increases by 2 % every 5 years [ 1 ]. 

 The incidence of aSAH among Caucasian Americans, Black Americans, and 
Hispanics is 8.2, 10.9, and 12.8 per 100,000, respectively [ 2 ]. The incidence in certain 
countries signifi cantly differs from the worldwide average. Japan and Finland have 

mailto: bansalv@cooley.edu
mailto: syed.hussain@hc.msu.edu


170

much higher rates of aSAH; annual occurrences are 22 and 19:100,000, respectively 
[ 6 ]. The reasons for this have not been fully elucidated; however, hypertension and 
smoking are more common in the Japanese and Finnish people [ 6 ,  8 ]. Moreover, the 
median life expectancy in these countries is higher than in most others. Consistent 
with this, certain Central American countries report lower rates of aSAH (0.5:10,000), 
and these countries have lower median life expectancies [ 6 ,  8 ].  

   Risk Factors 

 It is well established that in most instances aneurysms are not present from birth but 
rather develop during the lifetime. Risk factors have been identifi ed that infl uence 
the susceptibility to aneurysm formation and rupture. The latter is especially critical 
as the incidence of aneurysms outnumbers aSAH by an order of magnitude, and the 
bulk of morbidity and mortality stem from rupture. 

 Hypertension has consistently been found to increase risk for aSAH. The attrib-
uted risk may be as high as 20 % [ 9 ]. There is a linear relationship between elevated 
systolic blood pressures, greater than 140 mmHg, and risk for aneurysmal rupture. 
A similar trend has also been noted for diastolic blood pressure [ 4 ]. Furthermore, 
mean systolic blood pressures in aSAH patients may be 20 mm Hg greater than in 
controls [ 10 ]. The increased risk related to hypertension may contribute to African 
Americans more frequently suffering from aneurysms and their complications [ 11 ]. 

 Cigarette smoking is also associated with a substantial risk of aSAH [ 4 ]. This 
increased risk applies to current and former smokers with attributed risks of 29 % 
and 10 %, respectively [ 4 ,  9 ]. In one case-controlled study, the proportion of current 
smokers in the SAH group was signifi cantly greater than in the control group, 
73.1 % vs. 41.3 %, respectively [ 10 ]. This may be related to nicotine’s inhibition of 
antiproteases, such as alpha-1-antitrypsin [ 12 ], which inhibit collagenases that 
breakdown collagen in vascular walls and destabilize the vascular framework. 
Higher levels of collagenases facilitate the formation of aneurysms. Nicotine also 
has a proinfl ammatory effect on the immune system resulting in the activation of 
macrophages and their release of metalloproteinases which also degrade vessel 
walls [ 13 ]. Cigarette smoking’s profound effect is underscored by a study that found 
for every 20 pack-years of tobacco use, there is a threefold higher risk of aneurysms 
in family members of patients with SAH [ 14 ]. 

 A more recently recognized risk factor for aSAH is excessive caffeine consump-
tion. Namely, it has been found that patients who drink more than fi ve cups of coffee 
daily have a signifi cantly higher risk [ 10 ]. This may in part stem from its effect on 
blood pressure [ 15 ]. Interestingly, body mass index (BMI) has a negative correlation 
with aSAH [ 16 ]. The risk of aneurysmal rupture is also increased in patients with 
prior aSAH. In one study, the incidence of new aneurysm development and rupture 
in patients with a previous aneurysm ruptured was 11 times as high [ 17 ]. 
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 Other risk factors are less compelling as a number of studies have offered contra-
dictory conclusions. For example, while there is evidence that patients who com-
pletely abstain from alcohol have a lower risk for aSAH [ 4 ], other data indicates a 
J-shaped trend for aSAH risk and alcohol consumption [ 18 ,  19 ]. The latter implies 
that low levels of alcohol consumption may actually be protective. 

 Hereditary conditions predispose certain families to aneurysm. These conditions 
(e.g., Marfan’s syndrome, Ehlers–Danlos syndrome type IV, neurofi bromatosis type 
1, and adult polycystic kidney disease) may be responsible for 5 % of aneurysms. It 
is also well known that family members of patients with aSAH have a higher risk of 
aneurysms and rupture. Risk of aneurysms and rupture in families with two or more 
fi rst-degree relatives is 20 % [ 14 ,  20 ]. Patients with a single fi rst-degree relative 
have a 4 % risk of rupture [ 20 ]. Aside from these rare genetic diseases, siblings, 
especially older females with other aforementioned risk factors such as smoking 
and hypertension, are especially at risk for aneurysms and their complications [ 14 ].  

   Risk of Rupture 

 Aneurysm size appears to be one of the main factors infl uencing rupture rates. Most 
studies have verifi ed that aneurysms with a diameter <1 cm have a 0.5 % annual risk 
of rupture, whereas those >1 cm have a 7 % annual rate of rupture [ 17 ]. Moreover, 
symptomatic aneurysms tend to have a higher rate of rupture. This increased risk 
may simply be a manifestation of the inherent larger size of most symptomatic 
aneurysms. Location of aneurysms is also important [ 21 ]. Anterior communicating 
artery (ACOM) aneurysms appear most prone to rupture. There are three times 
more ruptured than unruptured ACOM aneurysms [ 22 ]. Posterior circulation aneu-
rysms are at increased risk of rupture compared to the ones in the anterior circula-
tion (1.8 % annually vs. 0.49 %, respectively) [ 21 ,  23 ]. As the posterior circulation 
has less robust autoregulation, it is less suited for adapting to elevated blood pres-
sures resulting in more signifi cant hemodynamic stress (Table  11.1 ).

   Table 11.1          

 NC-ICA, MCA, AC/COM 
(%) 

 VB, PC/COM 
(%) 

 Cavernous carotid artery 
(%) 

 <7 mm group 1  0  2.5  0 
 <7 mm group 2  1.5  3.4  0 
 7–12 mm  2.6  14.5  0 
 13–24 mm  14.5  18.4  3 
 >24 mm  40  50  6.4 

  Group 1: no prior history of aneurysm rupture. Group 2: prior history of aneurysm rupture (of a 
different blood vessel) 
  NC-ICA  non-cavernous internal carotid artery,  MC  middle cerebral artery,  AC/COM  anterior 
 cerebral artery and anterior communicating artery,  VB  vertebrobasilar arterial system,  PC/COM  
posterior cerebral artery and posterior communicating artery  
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      Pathogenesis 

 It was previously thought that aneurysms were the result of impaired smooth 
muscle and endothelial migration during embryonic development. It is now 
widely accepted that a cascade of infl ammatory events result in both aneurysm 
formation and rupture [ 24 ]. It is not a coincidence that certain risk factors for 
atherosclerotic disease, namely, hypertension, overlap those of aneurysmal devel-
opment as vascular injury, especially to the internal elastic lamina, occurs in both. 
Macrophages respond to this injury with the secretion of infl ammatory mediators 
including interleukins and proteases, i.e., MMP. Macrophages also create a highly 
oxidative state injuring and killing the smooth muscle cells within the vicinity. 
There is ultimately loss of the structural integrity of the vessel wall with apoptosis 
of smooth muscle and endothelial cells, the breakdown of collagenous extracel-
lular matrix (ECM), and disorganized and dysregulated vascular remodeling [ 25 ,  26 ]. 
This has been corroborated by evidence suggesting that macrophage-depleted 
mice have lower incidence of aneurysms. Moreover, mice with knockout genes 
for monocyte chemotactic protein-1 also have lower incidences of aneurysm 
 formation [ 25 ]. 

 The process is accentuated at artery bifurcations that are common locations for 
aneurysms. The multidirectional shear stress and turbulent fl ow applied to vessel 
walls result in nonuniform remodeling. Moreover, areas of persistently increased 
stress continue to undergo chronic disorganized remodeling. This results in seg-
ments of weaker structural framework between intimal pads—areas of thickened 
and inelastic tissue—predisposing aneurysms for rupture [ 26 ]. This predisposition 
is especially notable in cerebral arteries as these vessels lack an external elastic 
lamina and have only a thin internal lamina. 

 Pathologic evaluation of unruptured and ruptured aneurysms indicates a 
 continuum of infl ammatory changes from disorganized replacement of smooth 
muscle cells to unstable plaques [ 27 ]. Turbulent fl ow ruptures these plaques, trig-
gering further infl ammatory infi ltration. This accounts for the consistent presence 
of leukocytes present in the peri-aneurysmal region. The end result is very fragile 
vascular walls prone to rupture. The lack of structural integrity is underscored by 
the leaky connections between smooth muscle and endothelial cells, where inter-
calated red blood cells are frequently identifi ed [ 27 ]. The lack of adhesion results 
also acts as a potent apoptotic signal to the few remaining smooth muscle cells 
[ 28 ]. Ruptured aneurysmal walls frequently demonstrate the absence of smooth 
muscle cells and collagen type IV, with membranous hyaline replacement. Smooth 
muscle cells provide the plasticity and malleability of blood vessels to withstand 
changes in hemodynamic pressures. The loss of smooth muscle cells results in 
poor compliance and provides an explanation for the increased pulsatility of rup-
tured aneurysms [ 29 ].  

V. Bansal and S.I. Hussain



173

   Clinical Presentation 

 When a patient presents to the emergency room with the “worst headache ever,” a 
dilated pupil, and a focal neurologic examination, the diagnosis of subarachnoid 
hemorrhage is obvious. However, such a fulminant presentation does not always 
occur. Instead, patients frequently present with only a headache that may even be 
transient. This headache is unusually severe. However, this sensitive symptom has a 
very low specifi city for aneurysmal rupture, accounting for 1 % of all nontraumatic 
headache visits to the emergency room [ 30 – 33 ]. Headache features that are more 
suggestive of aSAH include acute onset of a very severe headache that is different 
in quality from the patient’s usual headache pattern. An atypical and severe head-
ache occurs in more than 75 % of patients [ 3 ,  34 ]. The positive predictive value 
increases when nausea, vomiting, and/or meningismus is also present [ 33 ,  35 – 37 ]. 
Their presence is noted in 61–77 % of patients [ 3 ,  34 ]. Nausea and vomiting result 
from elevated intracranial pressures; the degraded blood products also stimulate the 
area of postrema. 

 Sentinel symptoms, such as headaches, occurring days to weeks prior to fulmi-
nant aneurysm rupture, are present in 10–40 % of patients [ 38 – 40 ]. The onset of 
headache during exertion or a Valsalva maneuver may also suggest aSAH. Physical 
activity, defecation/voiding, and sexual intercourse may precipitate rupture by caus-
ing an abrupt rise in intracranial pressure [ 3 ,  41 ,  42 ]. Although helpful when pres-
ent, the onset of symptoms during exertional activity occurs in less than half of 
patients [ 3 ]. 

 Physical exam fi ndings including neurologic defi cits may help clinicians hone in 
on patients with the highest likelihood of aSAH. Nuchal rigidity results from intra-
thecal infl ammation caused by degraded blood products in the subarachnoid space. 
Elevated systolic blood pressure greater than 200 mmHg is present in 32 % of 
patients [ 3 ]. This is likely a manifestation of the hyperautonomic state that immedi-
ately precedes rupture. The presence of either nuchal rigidity or hypertension may 
occur in roughly 40 % of patients [ 3 ]. 

 An altered sensorium occurs in up to 40 % of patients [ 3 ,  34 ]. This results from 
impaired cerebral perfusion during periods of elevated intracranial pressure (ICP). 
Brief losses of consciousness, coma, and confusion or lethargy occur in 36 %, 17 %, 
and 28 % of patients, respectively [ 3 ]. 

 Focal neurologic defi cits are present in 10–13 % of patients [ 3 ,  34 ]. These defi -
cits, when present, may be helpful in identifying the aneurysm’s location. For exam-
ple, patients with diplopia and an unreactive large pupil are frequently due to 
ipsilateral posterior communicating and less commonly superior cerebellar artery 
aneurysms. Similarly, patients with facial-brachial weakness are likely to have 
aneurysms around the contralateral middle cerebral artery (MCA). Nonmotor signs 
including aphasia and visual spatial defi cits may localize to the dominant and non-
dominant MCAs, respectively.  
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   Diagnosis 

 Despite the poor specifi city of a severe headache as the presenting symptom of 
aSAH, cost-benefi t analyses favor early and prompt recognition with a diagnostic 
evaluation as this results in improved outcomes [ 33 ,  43 ]. This is a testament to the 
potentially devastating morbidity and mortality of delayed diagnosis of aSAH. 

 Once the decision to rule out aSAH is made, patients should undergo a complete 
evaluation. This begins with an emergent non-contrast computerized tomography 
(CT) of the head which has a sensitivity approaching 100 % if performed within the 
fi rst 6 h of headache/symptom onset [ 33 ,  44 ]. Its sensitivity drops dramatically with 
time to 85, 50, and 30 % at 5, 7, and 14 days, respectively [ 33 ,  45 ,  46 ]. Conversely, 
the yield of lumbar puncture increases with time. In fact, the negative predictive 
value for SAH is 100 % when a lumbar puncture is performed from 12 h of symp-
tom onset to 14 days [ 47 ,  48 ]. The diagnostic fi nding of xanthochromia, yellowish- 
colored cerebrospinal fl uid (CSF), results from the oxidation of lysed erythrocyte 
hemoglobin. This oxidative reaction takes 12 h—accounting for its high sensitivity 
beyond this time period [ 33 ]. The absence of xanthochromia after the fi rst 12 h 
excludes SAH [ 48 ]. CT of the head    followed by spectrophotometric analyses of 
CSF is the gold standard for diagnosing SAH [ 48 ]. 

 Lumbar punctures, however, are not very specifi c and may yield false-positive 
results for several reasons. Namely, CSF from a traumatic tap with red blood cells 
>10,000 may appear xanthochromic. The common teaching that a sequential decline 
in the number of RBCs from tube 1 to tube 4 as being consistent with a traumatic 
tap has a suffi cient negative predictive value to exclude aSAH is incorrect. Heasley 
et al. reported that 25 % of patients may demonstrate this clearing despite having 
aSAH [ 49 ]. Moreover, if there is a delay in the spinning and analysis of CSF, oxida-
tion of RBCs may occur in vitro resulting in xanthochromia [ 50 ]. Hospitals/institu-
tions frequently rely upon visual inspection alone for reporting CSF xanthochromia 
as spectrophotometers are uncommon devices. This results in signifi cant 
 interobserver variability and misdiagnosis. Visual inspection of CSF for detection 
of xanthochromia cannot reliably exclude SAH [ 51 ]. Other imaging modalities 
aside from plain CT scan may also be used to evaluate patients with possible 
SAH. Magnetic resonance imaging (MRI) scans have received a great deal of atten-
tion. MRI has been studied for its utility in the hyperacute setting. Wiesmann et al. 
[ 52 ] found that in a cohort of 13 patients who underwent an MRI within 12 h of 
headache, SAH was detected in all cases with either FLAIR or proton density 
sequences. Similarly, in the acute time period (within the fi rst 96 h), gradient echo 
and FLAIR series have been found to have sensitivities of 94 and 100 % [ 53 ,  54 ]. 

 MRI is also very sensitive at detecting subacute SAH. In fact, the sensitivity of 
gradient echo MRI sequences at days 4–6 approaches 100 %, while that of CT is 
45.5 % [ 53 ,  54 ]. This may preclude the need for lumbar puncture in the subacute 
setting. 

 At this time MRI is impractical as the study of choice for patients presenting with 
possible SAH as it takes signifi cantly longer to perform and is poorly tolerated by 
claustrophobic patients. However, MRI can be utilized in cases where the initial 
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workup is nondiagnostic or equivocal. For example, patients with erythrocytes in 
the CSF due to a traumatic tap who have a negative head CT could avoid an invasive 
cerebral angiogram if MRI demonstrates no abnormal signal on GRE and 
FLAIR. Furthermore, an MRA may be performed at the same time to evaluate for 
any aneurysms >5 mm as these have higher likelihood of rupture [ 55 ]. A normal 
MRA would provide further evidence to exclude SAH.  

   Angiographic Detection and Evaluation 

 Once subarachnoid hemorrhage has been diagnosed, the search for potential causes 
is undertaken. Typically this includes vascular imaging to assess for ruptured cere-
bral aneurysms that account for 85 % of nontraumatic SAH. Digital subtraction 
angiography (DSA) remains the gold standard for this as the accuracy and depth of 
diagnostic information it provides remain unsurpassed [ 56 ]. This minimally inva-
sive procedure has a low but defi nite risk of complications including stroke, femoral 
artery injury, and acute kidney injury related to iodinated contrast. The risk of com-
plications leading to permanent neurologic disability is typically cited between 0.06 
and 0.33 % [ 56 – 58 ]. 

 Interestingly, cerebral angiograms may fail to identify ruptured aneurysms in the 
fi rst 14 days. Thrombus at the site of rupture or cerebral vasospasm may prevent 
their detection during the acute setting. Thus, an angiogram must be repeated in 3–4 
weeks, especially in patients with an aneurysmal pattern of hemorrhage, when these 
have resolved. Repeat cerebral angiogram may detect 17 % of aneurysms that were 
undetected on the fi rst angiogram [ 59 ]. 

 Recently, noninvasive imaging modalities have been utilized in lieu of cerebral 
angiography. These include MRA and CTA. MRA allows assessment of cerebral 
vasculature without the risks of radiation and iodinated dye. However, the  resolution 
is suboptimal at visualizing small aneurysms (<5 mm) [ 55 ]. Moreover, it fails to 
provide suffi cient anatomical detail for surgical intervention. It has a limited role in 
the acute setting and serves better as a screening modality in patients at higher risk 
for aneurysms [ 60 ]. 

 Computerized tomography angiography (CTA) has been more successful than 
MRA at not only detecting aneurysms but also providing surgeons with enough 
anatomical detail to proceed with defi nitive therapy without the need for DSA. While 
some studies have reported no discrepancies between CTA and DSA for surgical 
planning, others have provided examples illustrating its limitations. Anderson et al. 
[ 61 ] reported that preoperative CTA provided suffi cient information to directly pro-
ceed to surgery in only 48 % of aneurysms—predominately those coming off the 
middle cerebral artery. While the anatomic details including size, shape, neck char-
acteristics, and orientation were suffi cient in these cases, bony artifact limited visu-
alization of the posterior circulation. Anderson’s study also demonstrated CTA’s 
poor sensitivity to detect small (<4 mm) aneurysms as twenty-four such aneurysms 
(16 %) were missed by CTA. One patient underwent surgery for an asymptomatic 
aneurysm as the ruptured aneurysm (3 mm) was not visualized on CTA. 
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    At our institution, CTA of the head/neck is performed when aSAH is suspected 
on the basis of CT scan or lumbar puncture. This provides two types of important 
information: It allows for early noninvasive detection of cerebral aneurysms with a 
sensitivity approaching 99.2 % and a specifi city of 100 % [ 62 ]. If the culprit aneu-
rysm is identifi ed and its anatomy and confi guration can be adequately discerned 
then these patients are taken to the angiography suite or operating room for treat-
ment under general anesthesia. Secondly, the CTA of the neck offers the interven-
tionists an opportunity to appreciate the proximal tortuosity and prepare for potential 
complications or diffi culties related to vascular access. If, however, no aneurysm is 
detected on CTA or if the anatomy is not well defi ned, the patient is taken to angi-
ography suite for a diagnostic angiogram under conscious sedation. If an aneurysm 
is then identifi ed, the patient is subsequently intubated and the aneurysm subse-
quently treated if technically feasible. Thus, the benefi ts of this rapidly obtainable, 
noninvasive modality cannot be ignored. CTA may become the imaging modality of 
choice for SAH with DSA being performed in equivocal cases and in cases where 
CTA fails to identify a culpable source [ 63 ].  

   Acute Management 

 The patient’s neurologic status at time of presentation offers the best prognostic infor-
mation in aSAH patients. This is not only important for these patients’ families but 
also in determining aggressiveness of care and therapeutic measures best fi t for 
patients. The Hunt and Hess classifi cation schema (Table  11.2 ) of aSAH patients pro-
vides a quick and accurate method for predicting outcome of patients with ruptured 
aneurysms [ 64 ,  65 ]. This 5-point scale has been validated for its reproducibility.

   The World Federation Neurosurgery    (WFNS) scale is another scale that may be 
employed to help prognosticate. This scale utilizes both the Glasgow Coma Scale 
(GCS) and the presence of focal neurologic defi cits, i.e., hemiparesis and/or aphasia, 
to predict longer-term outcomes. While utilized by some centers, its interobserver 
variability has prevented its wider acceptance. The major issue being the characteriza-
tion of focal neurologic defi cits; for example, some clinicians may score the presence 
of pronator drift with a GCS of 7–12 as grade 3, while others may fail to characterize 
the pronator drift as a major focal defi cit and thus score the patient as grade 2. 

   Table 11.2    Classifi cation schema of aSAH patients   

 Grade  Description  Mortality (%) 

 I  Headache, no neurologic impairment  30 
 II  Nuchal rigidity, drowsiness, mild impairment (i.e., 

forgetfulness), moderate to severe headache, cranial neuropathy 
 40 

 III  Lethargy or confusion, mild impairment of power/tone/sensation  50 
 IV  Unconsciousness with marked changes in tone and power  80 
 V  Unresponsive  90 
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   Stabilization (See Chap.   3    ) 

 aSAH patients should be admitted to an intensive care unit to closely monitor for 
any deterioration (AHA). A majority of complications occur within the acute and 
subacute setting.

•     Airway management  
 In patients with higher-grade SAH, rapid sequence intubation and mechanical 
ventilation may be necessary [ 66 ]. Indications for this include aspiration, acute 
cardiopulmonary failure, and impaired mental status (GCS of 8 or less). Short- 
acting anesthetic agents should be utilized when possible to allow for frequent 
accurate neurologic checks. Thiopental and etomidate are preferred agents. 
Lidocaine and fentanyl may also be utilized for their potential to lower intracra-
nial pressure (ICP). In very agitated patients, early intubation may be necessary 
to avoid precipitous rises in ICP which may increase the risk of rebleeding [ 67 ].  

•    Blood pressure  
 Blood pressure is another parameter that needs to be closely monitored. The range 
is best determined by the physicians involved, as it needs to be tailored to patients’ 
medical problems and other comorbid conditions. As a rule of thumb though, 
normotension with systolic pressures less than 140 mmHg should be maintained 
prior to securing the aneurysm. Systolic pressures up to 200 mmHg may be toler-
ated, if necessary, after the aneurysm has been defi nitively treated [ 68 ].  

•    Analgesia  
 Pain control should be managed with reversible short-acting agents. This would 
allow for frequent neurologic evaluations. Acetaminophen is typically favored. 
However, if this fails to provide adequate pain control, morphine or codeine may 
be administered [ 68 ].  

•    Hydrocephalus  
 Obstructive hydrocephalus usually occurs within the fi rst week. This risk signifi -
cantly decreases with time. In fact, the risk may be as low as 3 % after day 3 of 
SAH if no evidence of ventricular enlargement was present on admission [ 69 ]. 

 Obstructive hydrocephalus may occur in approximately 19 % of nontraumatic 
SAH patients, usually presenting with an acute deterioration of mental status 
[ 70 ]. Thus, patients who deteriorate in the hospital undergo emergent CT of the 
head to evaluate for hydrocephalus. If new/worsening hydrocephalus is present, 
an external shunt is placed. 

 The degree of hydrocephalus on CT has a poor clinical correlation with mental 
status and neurologic dysfunction. Thus, when incidental hydrocephalus is found 
in alert and awake patients, no interventions are undertaken. A converse situation 
frequently arises when patients present to the hospital with a high-grade aSAH 
with radiographic evidence of hydrocephalus. It is often unclear if the mental 
status changes are a direct result of the aSAH or due to the secondary hydro-
cephalus. Some authors recommend a period of monitoring for 24 h. If the patient 
does not improve, an external ventricular device (EVD) is placed; however, if the 
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patient’s clinical status deteriorates, this is performed earlier. This delay in drain 
placement may not affect mortality [ 69 ]. However in our institution we favor 
early placement of a ventricular drain. 

 There is a theoretical concern of increased risk of rebleeding prior to securing 
the aneurysm in patients with early EVD placement. This is believed to be due to 
the rapid decrease in the intracranial pressure (ICP) immediately after the 
implantation of the EVD. This decline in ICP may result in a signifi cant rise in 
the transmural pressure transmitted to the cerebral vasculature including the 
weak site of aneurysm rupture. This concern has not materialized in the scientifi c 
studies, however. The Mayo Clinic in 2002 found a trend toward less rebleeding 
in patients with preoperative ventriculostomy [ 71 ].  

•    Vasospasm  
 Vasospasm accounts for approximately 20 % of the morbidity and mortality 
associated with subarachnoid hemorrhage [ 70 ]. There is evidence that vaso-
spasm may occur within the fi rst 48 h of rupture [ 72 ]. Angiographic evidence of 
vasospasm occurs in 70 % of aSAH, and clinical deterioration is seen in as many 
as two-thirds of these patients [ 73 ]. Signs and symptoms suggestive of this 
include decreased mentation and fl uctuating neurologic defi cits. 

 The pathophysiology of vasospasm is unclear; however, the presence of oxi-
dized hemoglobin, oxyhemoglobin, is necessary [ 74 ,  75 ]. Free radicals formed 
during this oxidative process damage vascular membranes—eliciting an infl am-
matory response. This results in both decreased nitric oxide (NO) production and 
decreased sensitivity of its receptors. Potent vasoconstrictors including prostacy-
clins and cytokines such as endothelin-1 are also secreted [ 76 ]. These synergisti-
cally contribute to vasospasm [ 77 ,  78 ]. Histological changes also result from the 
infl ammatory response. These include degeneration within the media and elas-
tica layers, concentric thickening of the intima, and an abundance of myofi bro-
blasts and type V collagen [ 79 ,  80 ]. 

 Certain features are predictive of vasospasm, especially the amount of sub-
arachnoid hemorrhage initially present on a CT scan of the head. Patients with 
more subarachnoid blood and those with thicker and larger cisternal clots tend to 
have more severe vasospasm than patients in whom the blood is minimal or dis-
tributed diffusely [ 81 ,  82 ]. Moreover, patients under the age of 20 and those who 
rebleed carry a higher risk for vasospasm [ 82 ]. The modifi ed Fischer scale 
(Table  11.3 ) incorporates many of these imaging fi ndings to predict prognosis 
and risk of DID. This scale uses a scoring system where each unit increase is 
associated with an incremental risk for vasospasm and stroke [ 83 ].

   Vasospasm typically occurs during days 4–14 and usually peaks at days 7–8 
[ 81 ]. It may result in permanent neurologic defi cits and death due to delayed isch-
emic deterioration (DID). Patients are monitored very closely during this period 
as early detection and intervention are crucial for a favorable prognosis [ 66 ]. 

 Angiography remains the gold standard in diagnosing vasospasm. However, 
its invasive nature prevents its daily use for vasospasm monitoring. Transcranial 
Doppler ultrasound (TCD) is frequently used to monitor for evidence of early 
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vasospasm for this noninvasive bedside test can be performed without potential 
harm to patients. TCDs have good sensitivity and specifi city for clinically sig-
nifi cant vasospasm—equal to that of cerebral angiography in the detection of 
symptomatic spasm [ 84 ]. TCDs measure basal cerebral artery fl ow velocities as 
surrogates for vasospasm. This correlation, derived from Poiseuille’s equation, 
notes an exponential indirect relationship between vessel diameter and fl ow 
velocity. Frequent use during the peak period of vasospasm allows for monitor-
ing of fl ow velocities and their trends (which is more sensitive for critical vaso-
spasm) [ 85 ]. In so doing, treatment of vasospasm can be promptly initiated prior 
to clinical deterioration. This is important as TCD evidence of vasospasm may 
precede clinical deterioration by 24 h [ 84 ]. 

 Effective prophylactic and therapeutic measures to treat vasospasm are very 
limited. In fact, prophylactic administration of oral nimodipine for 21 days remains 
the only treatment showing signifi cant reduction in DID and poor outcome in a 
randomized double-blinded placebo-controlled study. Nimodipine reduces the risk 
of cerebral infarction and poor outcome at 3 months by 33 % and 40 %, respec-
tively [ 86 ]. In addition to its potential for reducing cerebral vasospasm, nimodipine 
is known to inhibit other cellular-mediated processes that require calcium as cofac-
tors, i.e., apoptosis. Administration of nimodipine is a class A recommendation by 
the American Heart Association (AHA) for aSAH [ 66 ]. 

 Triple-H therapy, which refers to combination of hypervolemia, hemodilu-
tion, and hypertension, has traditionally been utilized in the setting of vasospasm; 
however, only hypertension is now utilized. In fact, a recent meta-analysis of 
these treatments found no evidence to support the use of hemodilution [ 87 ]. 
A few studies demonstrating the effi cacy of hypertension and triple H for thera-
peutic and prophylactic use in SAH patients, respectively, were cited. However, 
these studies used cerebral perfusion rather than clinical outcomes as primary 
endpoints [ 88 ,  89 ]. 

 Early studies also seemed promising for magnesium. Magnesium may pre-
vent vasospasm by competitively inhibiting calcium channels in smooth muscle 
cells. Moreover, magnesium may have neuroprotective effects. Recent meta-
analysis failed to demonstrate a benefi t from magnesium infusion in reducing 
DCI or in improving neurologic outcomes [ 90 ]. 

 Endovascular treatment is effective in preventing DID in patients who have 
failed medical management of vasospasm. It is also benefi cial in patients who are 

   Table 11.3    Modifi ed Fischer scale   

 Score  Description  Vasospasm (%) 
 Delayed infarction/
poor outcome (%) 

 0  No SAH or IVH  0 
 1  Focal or diffuse, thin SAH, no IVH  6 
 2  Focal or diffuse, thin SAH, IVH 
 3  Focal or diffuse, thick SAH, no IVH 
 4  Focal or diffuse, thick SAH, IVH 
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otherwise unable to tolerate these therapies. For example, patients with systolic dys-
function or those with neurogenic pulmonary edema would be precluded from 
hypervolemic therapy. In such cases, transluminal balloon angioplasty and intra- 
arterial infusion of vasodilators including nicardipine, verapamil, and verapamil and 
nicardipine have been found to be very effective. The complication rates of these 
procedures are low, and the reported outcomes have been promising, with 61 % of 
patients demonstrating a good outcome at follow-up [ 91 ]. Balloon angioplasty tends 
to have a longer-lasting and more robust effect as it may lead to permanent endothe-
lial changes but may be associated with up to a 5 % risk of vessel rupture.      

   Complications 

 Complications related to endovascular coiling in aSAH are mainly those related to 
rebleeding and/or ischemia related to the catheter or from thromboembolism. The 
former necessitates reversal of any anticoagulation, such as immediate protamine 
administration. The latter may necessitate permissive hypertension to maintain 
cerebral perfusion or thrombectomy in cases of thromboembolism [ 92 ]. 

 The results of International Subarachnoid Aneurysm Trial (ISAT), a multicenter 
randomly controlled trial, suggested that coiling was superior to clipping in reduc-
ing mortality and short-term morbidity. Both treatment modalities had their benefi ts 
and risks. Coiling was associated with a lower risk of dependence and mortality at 
1 year. This advantage has carried out to at least 7 years. The risk of epilepsy and 
vasospasm after coiling was signifi cantly lower than in patients who had undergone 
clipping [ 93 – 96 ]. 

 These results have been reproduced in subsequent studies. In Barrow Ruptured 
Aneurysm Trial (BRAT), the safety and effi cacy comparing surgical clipping 
with endovascular coiling of acutely ruptured aneurysms found that at 1 year 
posttreatment, coil embolization resulted in signifi cantly fewer poor outcomes [ 97 ]. 
At 3 years posttreatment, this trend favoring coil embolization, however, was not 
statistically signifi cant [ 98 ]. 

 While the rate of rebleeding was slightly higher in the endovascular group, this 
did not reach statistical signifi cance. Patients requiring retreatment was higher in 
the endovascular group; however, this too did not have any impact on the outcome 
[ 93 ,  95 ,  99 ].  

   Rebleeding and Treatment of the Ruptured Aneurysm 

 Surgery to secure a ruptured aneurysm should be performed expeditiously. Rebleeding 
is a feared complication that carries a high mortality rate. This risk is greatest early 
on. The risk of rebleeding during the fi rst 24 h and 2 weeks is between 4 and 17 %, 
respectively [ 100 – 102 ]. Approximately half of patients presenting with aSAH 
will rebleed in the fi rst 6 months if their aneurysms are left unsecured [ 103 ,  104 ]. 
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The mortality rate in this group approaches 75 %, with less than 20 % demonstrating 
a good outcome [ 105 ]. Thus, early endovascular or surgical intervention is recom-
mended, usually within 72 h [ 106 ]. More recent data suggests even better outcomes 
with lower rebleeding when treatment is performed within the fi rst 24 h [ 107 ].  

   Aneurysm Repair 

 There are currently two approaches for treating aneurysm, surgical and endovascu-
lar. In the past, defi nitive management typically involved surgical clipping of the 
aneurysm. This microsurgical technique involves the placement of a small metal 
clip along the neck of the aneurysm. This prevents blood from entering the aneu-
rysm. Moreover, this precludes any further transmission of hemodynamic stress to 
aneurysm fundus where growth and destabilization occurs. 

   Endovascular Treatment 

 Endovascular coiling has become the most common treatment for aneurysms in the 
past decade. Dr. Guido Guglielmi popularized this technique with his invention of 
the Guglielmi detachable coil (GDC). GDCs are platinum coils that are directed into 
the aneurysm via a stainless steel guidewire. The coil is electrolytically detached 
from the guidewire and is believed to promote thrombosis and thus cessation of fl ow 
into the aneurysm [ 108 ]. 

 Coiling was initially reserved for patients with high surgical risk and for poste-
rior circulation aneurysms. However, with several randomized prospective trials 
demonstrating similar effi cacy and possibly superiority to clipping, this minimally 
invasive technique has gained widespread attention and is supplanting the routine 
use of clipping [ 93 ].   

   Procedural Considerations 

   Patient Selection 

 A majority of ruptured aneurysms are amenable to endovascular treatment. The 
aneurysm characteristic that most infl uences the choice between endovascular coil-
ing and open surgical clipping is the dome/neck ratio. Aneurysms that are best 
suited for coiling have a dome/neck ratio of at least 2. Aneurysms with larger necks 
have a higher risk for coil herniation and coil mass migration distally if endovascu-
lar treatment is pursued. Those aneurysms with ratios greater than 1 but less than 2 
may be successfully coiled with balloon remodeling. In the unruptured setting, wide 
neck aneurysms are treated with stent-assisted coiling which requires the use of 

11 Ruptured Cerebral Aneurysms



182

aspirin and clopidogrel. Given the potential for neurosurgical intervention in aSAH 
patients (i.e., external ventricular drain placement, etc.), most centers only perform 
stent-assisted coiling in the setting of aSAH when the risks of microsurgical clip-
ping are exceedingly high.  

   Anesthesia 

 Endovascular coil embolization for ruptured aneurysms is almost always performed 
under general anesthesia. This has the advantages of optimal patient comfort, mini-
mal patient movement during angiography that ensures better picture quality, elimi-
nation of the risk of sudden movement during delicate portions of the intracranial 
microcatheterization, and control of the patient’s airway and hemodynamics for the 
duration of the procedure.  

   Tools Review 

•      Sheaths : A 6 French sheath is typically necessary to perform coiling. At our 
institution a 23 cm sheath is utilized in patients older than 50 years of age, while 
a shorter 11 cm sheath is used in younger patients. A 6 French × 90 cm guiding 
sheath may also be advanced from the groin to the distal common carotid artery 
for more support. Longer sheaths provide greater stability and improve the push-
ability of other catheters through tortuous proximal vessels.  

•    Guiding catheters : A 6 Fr × 90 cm (0.070″ ID) guiding catheter is best suited for 
aneurysmal coiling. The ID allows for two microcatheters (one for coiling and 
one for balloon remodeling). 
 The 6 Fr guiding catheter is usually advanced over a 0.035″ guidewire. If there is 
signifi cant tortuosity or an unfavorable arch, the guiding catheter may alterna-
tively be advanced over a diagnostic 5F catheter.  

•    Microcatheters : There is a greater degree of variability regarding ID/OD of micro-
catheters. Several different companies manufacture these; typically, at least 1.7 
Fr/.017″ ID microcatheter is preferred (Excelsior SL-10; Stryker; Kalamazoo, MI).  

•    Microwires : A 0.014″ microwire is preferred. As mentioned in the prior chapter, 
favorable characteristics of the microwire include torquability (requiring proxi-
mal stiffness) with a soft and malleable distal tip to avoid injury to the delicate 
intracranial vasculature. Microwires come in at least two sizes, a standard 200 cm 
and an exchange length 300 cm.  

•    Balloons : A balloon may be advanced through a microcatheter and temporarily 
infl ated during the coiling process to preclude herniation of coils into either the 
parent or branch vessels, respectively. 
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 Compliant balloons are typically employed during coiling procedures when 
there is concern that the aneurysm neck may be wide. Several different balloons 
can be used for vessel remodeling. These include the more compliant Hyperform R  
and Hyperglide R  (Covidien, Irvine, CA) that use a 0.010″ microwire. The 
Hyperform balloon is more compliant and adapts better to the surrounding vessel 
anatomy. The Hyperglide balloon is slightly stiffer and thus provides greater 
stability. These two balloons are both advanced using a 0.010″ wire. 

 Double-lumen balloon microcatheters have also been recently utilized allow-
ing a single microcatheter to accomplish both balloon remodeling and coiling, i.e., 
Scepter balloon (Microvention-Terumo; Tustin, CA) using a 0.014″ wire. Balloons 
are typically infl ated with a 50:50 or 70:30 mixture of contrast and saline.  

•    Medications : The use of heparin during coiling of ruptured aneurysms is vari-
able. Those who do utilize it administer it after different steps in the procedure: 
sheath insertion, guiding catheter    positioning, and aneurysm access with a 
microcatheter or after deploying the fi rst coil.    

  Procedural Steps     A sheath is placed within the access site. Heparin is adminis-
tered to achieve an activated clotting time of >250 s and rechecked hourly (assum-
ing the aneurysm has already been secured). The guiding catheter is navigated into 
the parent vessel (i.e., proximal internal carotid artery or vertebral artery). Baseline 
angiography is performed (usually including three-dimensional angiography) to 
clarify the angioarchitecture and to obtain the best working projection for visualiza-
tion of the aneurysm neck and parent vessel.  

 Under roadmap angiography, a microcatheter is advanced over a microwire to the 
aneurysm. Ideally, the microcatheter should land approximately halfway into the 
aneurysm. At this point, the microwire is removed from the microcatheter and coiling 
is undertaken. There are a number of different coils to choose from for endovascular 
aneurysm treatment. In ruptured aneurysms, a softer coil is usually preferred to frame 
the aneurysm as it decreases the risk of aneurysm perforation/rupture. Subsequently, 
coils are deployed in a sequential fashion into this framing coil with progressively 
smaller diameters and increasing softness. After being completely deployed into the 
aneurysm, each coil is detached either electrolytically or mechanically, and subse-
quently the coil pusher is removed. During the coiling procedure, control angiograms 
are performed intermittently to evaluate the progressive occlusion of the aneurysm 
and to rule out the development of thromboembolism, perforation, or encroachment 
of coils on the normal parent vessel. Once the aneurysm is satisfactorily fi lled with 
coils, the microcatheter is slowly removed from the aneurysm.  
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   Illustrative Case 1 

 A 75-year-old woman presented was brought to the emergency department after being 
found down by her family. Her initial Hunt and Hess (HH) grade was IV. A non-con-
trast head CT (NCCT) revealed diffuse SAH with hydrocephalus, and CTA showed a 
left MCA bifurcation aneurysm. Her exam improved to HH 3 after EVD placement, 
and a decision was made to secure the aneurysm with endovascular coiling. The initial 
angiogram confi rmed the left MCA bifurcation aneurysm (Fig.  11.1a ). The aneurysm 
was successfully coiled with complete aneurysm  occlusion (Fig.  11.1b ).

      Illustrative Case 2 

 A 45-year-old male smoker presented to the emergency department with a severe 
headache (HH II) and diffuse SAH on NCCT. A basilar tip aneurysm was identifi ed 
on CTA, and endovascular coiling was selected as the treatment modality given the 
high risk associated with open surgical clipping in this location. Catheter angiogra-
phy confi rmed a favorable aneurysm confi guration (Fig.  11.2a ), and successful coil 
embolization was performed (Fig.  11.2b ).

  Fig. 11.1    ( a ) Left middle cerebral artery (MCA) aneurysm. ( b ) Same patient after surgical 
 clipping of the left MCA aneurysm       
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       Endovascular Management of Cerebral Vasospasm 

   Patient Selection 

 aSAH patients are monitored for 14–21 days (depending on the Hunt and Hess 
score) using several different noninvasive modalities. These include daily transcra-
nial Dopplers, CT perfusion, EEG, and clinical exam. When a signifi cant change is 
noted (see “vasospasm   ” section), select patients with a high likelihood of decline 
are taken to the angiography suite for further treatment.  

   Anesthesia 

 Endovascular vasospasm treatment is usually performed under general anesthesia 
if angioplasty is planned or possible. In cooperative or sedated patients, intra-arte-
rial catheterization and injection of spasmolytic agents can be performed with 
moderate sedation.  

   Tools Review (See Chap.   1    ) 

•      Sheaths : A 6 French sheath is typically necessary to perform either angioplasty 
and/or intra-arterial infusion of vasodilators. At our institution a 23 cm sheath is 
utilized in patients older than 50 years of age while a shorter 11 cm sheath is used 
in younger patients.  

  Fig. 11.2    ( a ) Tip of the basilar artery (BA) aneurysm. ( b ) Same patient after endovascular coiling 
of the BA aneurysm       
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•    Guiding catheters : A 6 Fr × 90 cm (0.070″ ID) guiding catheter is best suited for 
the treatment of vasospasm. The ID allows for two microcatheters as well as 
ample space for performing intraprocedural angiographic runs (one for angio-
plasty and one for intra-arterial infusion of vasodilators).  

•    Microcatheters : A 0.010 in. or greater microcatheter is typically utilized to spas-
molytic agents.  

•    Microwires : A 0.014 in. microwire is preferred. As mentioned in the prior chap-
ter, favorable characteristics of the microwire include torquability (requiring 
proximal stiffness) with a soft and malleable distal tip to avoid injury to the deli-
cate intracranial vasculature. Lengths of 180–200 cm are typically used.  

•    Balloons : Several different balloons can be used for angioplasty. These include 
the Hyperglide R  that uses a 0.010″ microwire. As the arteries that are typically 
angioplastied are ≤4 mm (i.e., M1 or M2/A1), balloon dimensions range from 2 
to 4 mm × 7 to 10 mm. 

 More recently, double-lumen    balloons such as the Scepter XC R  and the 
Ascent R  (Codman Neurovascular; Raynham, MA) that utilize a 0.014″ microw-
ire can be used. These compliant balloons have a double lumen through which 
vasodilators may be infused in addition to performing balloon angioplasty.  

•   Balloons are typically infl ated with a 50:50 or 70:30 mixture of contrast and 
saline. 

 Some operators may also use semicompliant coronary balloons (off label) that 
advance over a 0.014″ microwire system, e.g., TREK (Abbott; Chicago, IL) or 
Maverick (Boston Scientifi c; Natick, MA). These balloons should be used very 
carefully, and typically a submaximal angioplasty of up to 70 % of the diameter 
should be performed.  

•    Medications : Several different vasodilators have been infused intra-arterially to 
reduce vasospasm. Verapamil and nicardipine are our drugs of choices. These 
can be diluted and infused intra-arterially especially when treating vasospasm 
that is distal and not amenable to balloon angioplasty.     

   Procedural Steps (See Fig.  11.3 ) 

    A sheath is placed within the access site. Heparin is administered to achieve an 
activated clotting time of >250 s and rechecked hourly (assuming the aneurysm has 
already been secured). The guiding catheter is navigated into the parent vessel (i.e., 
proximal internal carotid artery or vertebral artery). Baseline angiography is per-
formed to evaluate the vasculature. If signifi cant vasospasm is noted proximally, 
then balloon angioplasty may be performed. The balloon occlusion catheter can 
either be advanced primarily or in some instances utilizing an exchange technique. 
The balloon is slowly infl ated (submaximally) and then defl ated. This can be 
repeated several times. For more distal spasm a microcatheter can be tracked into 
the parent vessel MCA, ACA, or PCA, and intra-arterial nicardipine or verapamil 
may be infused into the territory. Typically these infusions are diluted over several 
minutes to minimize the systemic hypotensive effects.  
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   Post-procedural Considerations 

 While balloon angioplasty tends to have more prolonged effects, the therapeutic/
benefi cial effects of intra-arterial vasodilators are ephemeral typically lasting 24 h. 
Thus, it is important to continue close monitoring of these patients as they may 
require repeated treatments. We typically will leave the femoral access sheath in 
place up to 24 h after vasospasm treatment for potential retreatment.  

  Fig. 11.3    ( a ) Right middle cerebral artery (MCA) with evidence of vasospasm involving the distal 
right M1 segment of the MCA. ( b ) A Hyperglide balloon is infl ated  within  the right MCA (magni-
fi ed view) within the stenotic segment. Contrast is seen fi lling the lumen of the balloon. ( c ) A 
magnifi ed view of the right MCA after angioplasty       
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   Illustrative Case 3 

 A 38-year-old woman presented with sudden severe headache and transient loss of 
consciousness (HH II). She underwent open surgical clipping of an anterior com-
municating artery aneurysm and on post-bleed day 5 developed elevations of veloci-
ties on TCD and a left arm drift. Catheter angiography revealed severe right middle 
cerebral artery spasm. Given the early onset of severe spasm, angioplasty was 
selected as the most dural treatment. This was successfully performed (Fig.  11.3a, 
b ) with greatly improved vessel diameter posttreatment (Fig.  11.3c ).      
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           Introduction 

 Most AVMs are sporadic lesions. The underlying cell biology of this phenomenon 
has been studied, and while considerable progress has been made, it is still not com-
pletely understood [ 1 ,  2 ]. It has been postulated that AVMs are congenital lesions 
related to failure of embryogenesis during the differentiation of vascular channels 
into mature arteries, capillaries, and veins [ 1 ,  3 ,  4 ]. These alterations in develop-
ment lead to fi stulous connections between arteries and veins. The lack of a capil-
lary bed creates a low resistance system, resulting in high-fl ow shunting with 
subsequent arterial dilatation and venous arterialization. This high-fl ow state also 
appears to be related to the development of aneurysms in a variety of locations asso-
ciated with the AVM [ 1 ,  5 – 9 ]. 

 AVMs have been shown to be dynamic lesions with a variety of morphologies. 
Niazi et al. [ 4 ] separated these morphologies into three major groups: the most com-
mon high-fl ow variant with a compact nidus and few arterial feeders and draining 
veins; the rarer diffuse variant with low-fl ow and multiple en-passage arterial feed-
ers and draining veins; and the more recently described linear vein-based confi gura-
tion with multiple arterial feeders draining into a single, usually superfi cial, vein. 
The latter two types are more frequently seen in the pediatric population, but can 
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grow, develop, and even recur after therapy due to fl ow characteristics, growth 
 factors, and remodeling secondary to small hemorrhages (evidenced by hemosid-
erin deposition) and pressure differentials [ 1 ,  4 ,  5 ,  10 ,  11 ]. These factors can all 
impact the ultimate management strategy.  

   Epidemiology 

 AVMs are relatively uncommon lesions whose true prevalence and incidence are 
unknown. Based on hospital autopsy data, it has been estimated that the prevalence 
is up to 500–600 AVMs per 100,000 people [ 12 – 14 ]. Based on the incidence of 
hemorrhage, however, the calculated prevalence ranges from 4 to 19 per 100,000 
adults [ 15 ]. This is largely thought to be due to lesions that remain clinically silent 
over the lifetime of some patients, though some have questioned the accuracy of 
such high numbers produced by the autopsy series [ 13 ,  15 – 18 ]. However, with the 
increasing use of various imaging modalities, the ability to detect incidental or 
unruptured AVMs has also increased. Reported total detection rates range from 0.82 
to 1.42 per 100,000 person-years [ 12 ,  13 ,  15 – 21 ]. 

 The majority of patients present in their second to fourth decades of life, but 
children comprise between 3 and 20 % of sporadic AVM patients. Most studies 
report equal occurrence in males and females. Approximately 90 % of identifi ed 
AVMs are supratentorial, and 10 % are infratentorial [ 1 ,  4 ,  15 ,  16 ,  18 ,  20 – 26 ]. 

 The vast majority of AVMs are sporadic, but 2–5 % of AVMs are associated with 
genetic syndromes: hereditary hemorrhagic telangiectasia (HHT or Osler–Weber–
Rendu syndrome), Wyburn–Mason syndrome, and other cerebrofacial arteriove-
nous metameric syndromes (CAMSs). HHT is a rare autosomal dominant vascular 
dysplasia caused by gene mutations at 9q33–q34.1 cr9 (HHT1) or 12q11–q14 cr12 
(HHT2). Four to 13 % of HHT patients will have cerebral AVMs in addition to 
lesions in other organ systems (i.e., nasal, pulmonary, GI, hepatic). One third of 
HHT patients with cerebral AVMs will have multiple AVMs, compared to 1 % of 
sporadic AVM patients. Wyburn–Mason syndrome is one of the several neurocuta-
neous disorders associated with AVMs. Specifi cally the constellation of fi ndings 
includes cutaneous vascular nevi, optic nerve or retinal AVMs, and mesencephalic 
intracranial AVMs that can be bilateral or ipsilateral to lesions in the visual pathway. 
The genetics is unknown [ 1 ,  3 ,  4 ,  23 ].  

   Natural History 

 The overall rate of hemorrhage from an AVM has been reported to range from 2 to 
4 % per year [ 1 ,  7 ,  12 ,  21 ,  23 ,  25 ,  27 – 31 ]. AVMs are responsible for 1–2 % of 
strokes [ 20 ]. The multiplicative law of probability can be used to calculate the life-
time risk of hemorrhage: 1 − (1 − risk of hemorrhage)  n  , where  n  is the number of 
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expected years of life remaining [ 1 ,  23 ]. Alternatively, estimating lifetime risk can 
be simplifi ed using lifetime risk (percentage) = 105 minus the patient’s age in years. 
These formulas however do not take into consideration factors that may predict a 
higher risk of hemorrhage [ 1 ,  23 ,  27 ]. 

 Multiple factors have been associated with predicting AVM rupture: previous 
hemorrhage, size, location, pattern of venous drainage, and presence of associated 
aneurysms. Ethnicity seems to play a role, with Hispanic patients at signifi cantly 
higher risk for hemorrhage (~3.1-fold). African patients also had a trend of increased 
risk, though this did not achieve statistical signifi cance [ 25 ]. Pediatric patients over 
the age of 2 are more likely to present with hemorrhage, though the overall risk of 
hemorrhage does not appear to be any higher than adults [ 1 ,  4 ,  24 ]. Older age has 
been shown in many studies to be a risk factor due to increased likelihood of the 
presence of some of the aforementioned risk factors. 

 Previous hemorrhage is the most consistent predictor of subsequent hemorrhage 
[ 1 ,  7 ,  12 ,  21 ,  23 ,  25 – 32 ]. The risk of recurrent hemorrhage seems to be the highest 
in the fi rst year and range from 6 to 17 % [ 7 ,  23 ,  27 ]. Some evidence supports even 
higher risk, up to 25 %, after a second hemorrhage. This risk appears to decrease 
over time if the patient remains hemorrhage-free, with the risk of hemorrhage 
returning to baseline by the third year [ 6 ,  27 ]. 

 The impact of AVM size has been controversial, with some studies supporting 
increased risk with small size [ 1 ,  21 ,  23 ,  33 ], while others saw higher rates of hem-
orrhage in larger AVMs [ 28 ,  29 ]. Others have shown no association with AVM size 
[ 14 ]. Some theories have been put forth to explain these observations. First is small 
size may be related to increased transnidal pressure, resulting in a propensity to 
hemorrhage [ 1 ,  9 ,  33 ]. Another theory suggests that small AVMs are more likely to 
present with hemorrhage as they are unlikely to cause other neurologic symptoms 
based on size. Therefore, the increased rates of hemorrhage seen in some studies 
from small AVMs may be more related to a history of previous rupture [ 1 ,  28 ]. 

 Location has been shown to impact the risk of hemorrhage risk. Both deep and 
infratentorial lesions have higher hemorrhage rates [ 1 ,  7 ,  14 ,  17 ,  21 ,  23 ,  28 ,  34 ,  35 ]. 
For example, Fleetwood et al. demonstrated an annualized hemorrhage risk of 9.8 % 
per patient-year in basal ganglia and thalamic AVMs [ 35 ]. This association may be 
related to angioarchitecture of the AVM with perforating vessels less tolerant to 
high fl ow, or simply that presentation with other neurologic symptoms is less likely 
due to their subcortical location [ 1 ,  28 ]. 

 Deep and compromised venous drainage is also thought to increase hemorrhage 
risk. Stenosis, occlusion, turbulent fl ow, and deep drainage have been postulated to 
result in increased nidal pressure through various mechanisms. This increased pres-
sure may result in AVM rupture [ 1 ,  5 – 7 ,  11 ,  14 ,  23 ,  27 ,  28 ,  33 ]. 

 AVM-associated aneurysms have also been found to increase risk of hemor-
rhage. The rate of aneurysm occurrence in AVMs has been highly variable (2–58 %) 
and may be located on feeding arteries, intranidal, or in the venous drainage system 
[ 1 ,  6 ,  7 ,  14 ,  36 ]. In a paper by Brown et al., risk of intracranial hemorrhage among 
patients with coexisting aneurysm and AVM was found to be 7 % per year at 5 years 
following diagnosis compared to 1.7 % for patients with AVM alone [ 36 ].  
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   Morbidity/Mortality 

 Mortality reported from an initial hemorrhage ranges from 4 to 29 %. Risk for 
 mortality was higher in patients presenting with hemorrhage compared to other pre-
sentations. Recurrent hemorrhage is not associated with an increase in mortality 
rate that is as great as the fi rst event [ 1 ,  6 ,  12 ,  27 ,  35 ]. Risk of mortality is higher for 
patients with hemorrhage in the infratentorial compartment (~66 %) [ 34 ,  37 ]. 
Morbidity in patients with AVMs is also variable. Studies report higher rates of 
signifi cant disability in those who experience hemorrhage (23–85 %) compared to 
those with other presentations (7 %) [ 1 ,  6 ,  7 ,  12 ,  27 – 29 ,  37 ]. Risk of long-term 
morbidity is higher in those with parenchymal hemorrhage (versus subarachnoid or 
intraventricular location), involvement of the basal ganglia or thalamus, and loca-
tion in the posterior fossa [ 1 ,  6 ,  12 ,  27 ,  34 ,  35 ].  

   Clinical Presentation 

 Patients with AVMs can present in a variety of ways. The most common presenta-
tion is hemorrhage (38–71 %). Most hemorrhages are intraparenchymal, followed 
by subarachnoid, intraventricular, and rarely subdural hemorrhage. The second most 
common presentation is seizure (15–35 %). Mechanisms for this include cortical 
irritation from mass effect and steal syndrome resulting in ischemia and gliosis of 
surrounding tissues. Less common presentations include a headache (5–15 %) that 
mimics migraine, neurologic defi cit (up to 10 %, including focal defi cits, learning 
disability, and cognitive impairment which may be related to steal phenomenon), 
and pulsatile tinnitus. Children may present with hydrocephalus or heart failure [ 4 ]. 
Finally, many more AVMs are being found incidentally due to increased use of 
cross-sectional imaging, which accounts for 2–15 % of presentations [ 1 ,  12 ,  14 ,  27 ].  

   Diagnosis 

 Cerebral digital subtraction angiography (DSA) remains the gold standard for the 
accurate diagnosis of AVMs. Angiography also helps to characterize the size, loca-
tion, and hemodynamic behavior of the AVM including the anatomy and fl ow rates 
of their arterial blood supply and venous drainage and their relationship to the sur-
rounding cerebral vascular environment. 

 CT- and MR-based imaging are also important in the diagnosis of AVMs both in 
the acute setting of symptomatic lesions and in elective pretreatment planning. Both 
modalities are frequently done as the initial diagnostic tests since the majority of 
AVMs are discovered after nonspecifi c presentations such as hemorrhage, seizures, 
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focal neurologic defi cits, or even headaches [ 27 ,  38 ]. Non-contrast CT scans are 
usually the initial testing of choice for evaluation of hemorrhage (Fig.  12.1 ). In the 
absence of a bleed, CT scans may suggest the presence of an AVM by showing 
hyperattenuating structures with or without calcifi cations representing the nidus or 
one of its feeding or draining vessels. These can also be visualized on MR images 
as fl ow voids on T2-weighted sequences. An enhancing nidus can frequently be 
appreciated on contrast-enhanced MRI T1 sequence (Fig.  12.2 ) [ 39 ]. An advantage 
of MRI over other imaging modalities is its unique high resolution ability to visual-
ize the surrounding brain parenchyma and delineate any mass effect or gliosis asso-
ciated with the abnormality as well as proximity to eloquent brain structures 
(Fig.  12.3 ). Diffusion tensor imaging (DTI) and functional MRI (fMRI) can further 
defi ne the relationship of an AVM to critical cortical and white matter structures 
[ 40 ,  41 ]. MRI also plays an important role in pre-radiosurgery planning and post-
treatment follow-up [ 39 ,  42 ].

     Noninvasive vascular imaging such as CT angiography (CTA) and MR angiogra-
phy (MRA) is also a widely used diagnostic testing for evaluation of AVMs. They are 
both more sensitive and specifi c than plain CT and MRI in visualizing AVM’s angio-
architecture. They remain however inferior to DSA in their ability to demonstrate the 
temporal fl ow relationship of the lesion to its surrounding vasculature. They can also 
miss low-fl ow small AVMs, which can only be confi rmed with DSA [ 27 ,  39 ]. 

  Fig. 12.1    Non-contrast axial CT of brain showing a large intracerebral hemorrhage at time of 
presentation       
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  Fig. 12.2    Axial T1 MRI of the brain with gadolinium demonstrating a ruptured left frontoparietal 
AVM with associated hematoma       

  Fig. 12.3    Axial T2 MRI of the brain demonstrating a ruptured AVM with associated hematoma. 
Small vascular fl ow voids can be seen representing feeding vessels       
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 The fl ow dynamics of an AVM can be signifi cantly altered by an acute hema-
toma. This may cause the size of the AVM to be underestimated or for the lesion to 
be missed entirely. Repeating the imaging after 6–8 weeks (after the hematoma 
resolves) may improve visualization [ 16 ,  43 ]. 

 Noninvasive imaging techniques are inferior to conventional DSA in their ability 
to accurately characterize the hemodynamic behavior of an AVM including the 
exact location and size of its nidus, the number and fl ow rates of its various arterial 
feeders, and the location and characteristics of its draining veins relative to the nor-
mal vasculature (Fig.  12.4 ). All of these characteristics have huge therapeutic and 
prognostic implications, and their precise knowledge is crucial prior to any planned 
treatment. Moreover, DSA is superior in its ability to identify associated vascular 
anomalies such as extranidal and intranidal aneurysms, intranidal arteriovenous fi s-
tulas, and any associated vascular occlusive disease that may alter the treatment 
plan. DSA can also be used diagnostically in the preoperative planning of AVM 
treatment to test eloquence and map for potential posttreatment neurological defi -
cits. This is done using provocative or superselective Wada testing (see Chap.   9    ) by 
locally delivering agents such as amobarbital and propofol among others intra- 
arterially into the AVM vasculature resulting in transient arrest of brain function in 
the region of local infusion. This is of particular importance in lesions lying in close 

  Fig. 12.4    A conventional DSA showing left frontoparietal AVM nidus supplied by feeders from 
the middle and anterior cerebral arteries. A single draining vein can also be seen fl owing inferiorly 
and posteriorly       
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proximity to language centers in the dominant hemisphere [ 44 ,  45 ]. Although 
 invasive in nature, modern DSA has been shown to be extremely safe with a very 
low risk of complications and long-term sequelae [ 46 ].

      Therapeutic Decision Making 

 Multiple variables must be considered when choosing the best course of treatment, 
including: Spetzler–Martin grade (accounting for size, venous drainage, and elo-
quence), lenticulostriate supply, compactness of the nidus, the history of previous 
hemorrhage, and the patient’s clinical condition. Available options for treatment 
include microsurgery, radiosurgery, and endovascular therapy, as well as conserva-
tive management.  

   Classifi cation 

 Multiple means of grading AVMs have been proposed with focus on using these 
methods to help guide therapeutic decision making. The most widely used system 
is the Spetzler–Martin scale (Table  12.1 ). This grading system was originally 
designed for risk stratifi cation regarding surgical resection and is based on AVM 
size (<3 cm nidus, 3–6 cm, >6 cm), pattern of venous drainage (deep versus super-
fi cial), and eloquence of surrounding brain tissue (including sensorimotor, lan-
guage, and visual cortex, hypothalamus, thalamus, internal capsule, brain stem, 
cerebellar peduncles, and deep cerebellar nuclei). AVMs are graded on a scale of 
I–V. Higher grades indicate a higher degree of surgical diffi culty, with some AVMs 
classifi ed as grade VI or inoperable [ 47 ].

  Table 12.1    Spetzler–Martin 
grading system for AVMs  

 Characteristic  Points 

  Size of nidus  
 <3 cm  1 
 3–6 cm  2 
 >6 cm  3 
  Venous drainage pattern  
 Superfi cial only  0 
 Deep  1 
  Eloquence of adjacent brain  
 Non-eloquent  0 
 Eloquent  1 

  Adapted from Spetzler RF, Martin NA. A pro-
posed grading system for arteriovenous malfor-

mations. J Neurosurg. 1986;65(4):476–83  
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   Evaluation of this grading system has been correlated with patient outcomes 
[ 1 ,  48 – 54 ]. A study by Hamilton et al. determined the permanent major neurologi-
cal morbidity rates for grades I through III were 0 %, increasing to 21.9 % in 
patients with grade IV and 16.7 % in patients with grade V AVMs [ 48 ]. Comparable 
results were noted in a paper by Spears et al., with early disability (within 7 days) 
as follows: grade I, 2.1 %; II, 9.4 %; III, 17.3 %; and IV, 39.1 % (no grade V 
patients). Permanent disability was seen in 2.1 % of grade I patients, 5.7 % in 
grade II, 1.9 % in grade III, and 21.7 % in grade IV. Statistical analysis did not 
reveal a difference between outcomes in grades I–III in long-term outcomes [ 54 ]. 
Signifi cant differences between lower grade AVMs were seen in a study by 
Hartmann et al., in which the study showed any long-term defi cits (both mild and 
disabling) postoperatively in 8 % of grade I patients, 36 % in grade II, 32 % in 
grade III, and 65 % in grade IV [ 49 ]. Similarly, Heros et al. found morbidity in 
1.9 % in grade I, 6.5 % in grade II, 23 % in grade III, 32 % in grade IV, and 69 % 
in grade V [ 50 ]. The overall trend does point to correlation with Spetzler–Martin 
grading; however, variations in the literature between each group have lead to 
proposed modifi cations in the system, ranging from expanding the classifi cation 
to identify differences within groups [ 55 ] to simplifying the system into low-risk, 
moderate-risk, and high-risk categories to aid in capturing larger groups for statis-
tical analysis as well as making application of the system easier [ 56 ,  57 ]. However, 
none of these modifi cations are currently widely used.  

   Microsurgery 

 Due to low risk of associated morbidity and mortality, surgery is generally recom-
mended in lower grade AVMs. High-grade AVMs are less likely to be treated with 
surgical intervention due to perceived surgical risk. However, with advancements in 
surgical techniques and equipment, imaging and neuronavigation, and implementa-
tion of multimodality treatment, surgery in high-grade AVMs is becoming safer and 
more successful [ 58 ]. The primary of goal of surgery is the prevention of hemor-
rhage. Secondary goals are alleviation of seizures and preoperative neurological 
defi cits; however, the effi cacy of surgery with these indications is less clear since 
both can be complications of surgery as well [ 1 ,  58 ]. 

 Surgery for AVMs is typically performed in an elective manner. While there 
are some reports of acute resection of AVMs after hemorrhage [ 1 ,  59 ,  60 ], it has 
been shown that allowing resolution of surrounding edema and removing the 
AVM in a planned, controlled fashion with a good understanding of its angioar-
chitecture are more likely to produce favorable outcomes. An ideal compromise 
can usually be accomplished with the presence of liquefi ed hematoma surround-
ing the AVM and absence of signifi cant brain edema. The time between initial 
rupture and resection of the AVM usually increases in proportion to the size of the 
hematoma at time of rupture. 
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 Exceptions may have to be made in cases of large hematomas causing signifi cant 
mass effect and midline shift. An urgent craniotomy or craniectomy may be neces-
sary. The appropriate approach has to be individualized in those cases, and the pri-
mary goal of the operation consists of maximal decompression. It is recommended 
not to resect the nidus in these cases unless a craniectomy and duraplasty are not 
suffi cient [ 1 ,  59 ,  60 ]. 

 Approach and positioning of the patient are dependent upon the location of the 
AVM, and skull-based approaches may be required for the best exposure. Surgery is 
greatly facilitated when it is possible to access the main arterial feeders early in the 
procedure and disconnect them prior to mobilizing the nidus (Fig.  12.5 ). Deep- 
seated AVMs are best approached with the assistance of frameless stereotactic navi-
gation, which aids in planning optimal trajectory and size of craniotomy and 
confi rms margins during resection. Its use has also shown decreased operative times 
and blood loss [ 61 ].

   The craniotomy should be designed to achieve identifi cation of superfi cial feed-
ing vessels. Correlation with angiography is essential to help distinguish arteries 
from arterialized draining veins. Careful dissection of sulci, fi ssures, and subarach-
noid cisterns should be performed to secure the more proximal portions of feeding 
vessels. These vessels should then be followed towards the nidus, where they are 
coagulated and divided, or clips can be applied (Fig.  12.6 ). Care should be taken to 
identify en-passage vessels, which supply normal brain tissue distal to the 
AVM. Small feeding branches to the AVM from these vessels should be identifi ed 
and taken with the main artery preserved [ 1 ,  58 ].

   Once the feeding vessels have been controlled, a circumferential dissection of 
the nidus is performed. The nidus should be separated from the underlying brain 
by taking advantage of the rim of gliosis that surrounds the nidus (Fig.  12.7 ). 

  Fig. 12.5    Intraoperative photograph showing large superfi cial feeding artery       

 

A. Razak et al.



203

Initially the nidus is still under high pressure, so direct coagulation of the nidus can 
result in hemorrhage and should be avoided. Therefore, it is recommended to avoid 
coagulation of the nidus until suffi cient numbers of feeding vessels have been dis-
connected and the nidus decreases in size and turgor. Deep perforators and feeding 
vessels can be a source of hemorrhage, and use of mini clips can be helpful to 
control those vessels and prevent them from retracting in the surrounding brain 
after incomplete anticoagulation. After the nidus has been disconnected from its 

  Fig. 12.6    Intraoperative photograph. Initial dissection of nidus with temporary clip placed on 
feeding vessel       

  Fig. 12.7    Intraoperative photograph. Deep dissection of AVM with nidus retracted 
superiorly       
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infl ow, it will appear defl ated, and the venous drainage will have become darker. 
At this time, disconnection from the venous drainage system is indicated, and the 
nidus can be removed en bloc [ 1 ,  58 ].

   Meticulous hemostasis is critical to the microsurgical resection of AVMs. 
Coagulating high-fl ow vessels is more diffi cult and requires longer application of 
cautery. After removal of the nidus, the cavity should be inspected for any potential 
sources of bleeding. Increasing the patient’s systolic blood pressure by 15–20 mmHg 
can assist in identifying points of breakthrough [ 1 ,  58 ]. 

 Intraoperative confi rmation of complete resection is desirable and can be 
achieved by either conventional digital subtraction angiography or intraoperative 
near-infrared indocyanine green (ICG) angiography. Use of conventional angiog-
raphy requires placement of an arterial catheter and use of fl uoroscopy and a radio-
lucent head holder, whereas ICG angiography requires intravenous administration 
of ICG and a microscope with integrated function. ICG angiography may have 
limited capacity to identify deep vessels or nidus hidden by surrounding paren-
chyma, but both have capability of identifying residual nidus and differentiating 
normal from residual AVM vessels and are useful tools for assessment of total 
resection [ 1 ,  58 ,  62 ].  

   Endovascular Treatment 

   Introduction 

 The endovascular approach to treatment of AVMs consists of percutaneous transar-
terial delivery of therapeutic embolic agents that are introduced locally into the 
AVM nidus or its feeding and draining vessels with the ultimate goal being hemo-
dynamic shutdown of the AVM. The site of entry into the body is usually the femo-
ral artery or in some instances the brachial or radial arteries. Endovascular 
embolization of AVM has been shown to be an invaluable tool in the pre- and post- 
microsurgical and radiosurgical management of AVMs and in certain cases can 
serve as the defi nitive curative treatment [ 63 – 65 ].  

   Embolization Strategy 

 Endovascular treatment of AVMs assumes one of three roles: adjunctive, curative, or 
palliative. The extent of embolization desired or achieved depends on a number of fac-
tors including: (1) lesion characteristics including size, accessibility, and the number 
and size of feeding vessels, (2) experience of the operating interventionalist, (3) avail-
able technology in terms of access systems and embolic agents, and in some instances 
(4) a therapeutic decision is sometimes taken to only partially obliterate the AVM if it 
is felt that complete obliteration carries more risk of morbidity or mortality. 

A. Razak et al.



205

 Endovascular embolization is typically performed in multiple stages spanning 
weeks or even months. This approach reduces the risk of intracerebral hemorrhage 
as a complication that may result from treatment-related alteration in cerebral fl ow 
dynamics within the AVM and the surrounding normal parenchyma in the immedi-
ate vicinity. A mechanism known as normal perfusion pressure breakthrough 
explains this risk in which a sudden occlusion of a major AVM feeder leads to diver-
sion of blood to adjacent parenchymal tissue that has been hypoperfused prior to 
treatment with maximally dilated normal vessels that in turn fail to autoregulate the 
sudden increase in diverted fl ow, leading to dangerous hyperperfusion and probable 
hemorrhage [ 66 ,  67 ].

•     Adjunctive embolization  
 Endovascular therapy is often utilized as part of a multimodality treatment 
approach to AVMs that also includes microsurgery and radiosurgery. This 
approach enables more successful treatment of deeply seated and large AVMs 
and has been shown to improve patient outcome [ 68 – 70 ]. The purpose of adjunc-
tive embolization is to supplement to other modalities through reduction of the 
AVM nidus by shutting down some of its feeders. This can facilitate surgical 
excision of accessible lesions, help in preparation for radiosurgery of lesions that 
are initially too large to respond to radiation, and also be used to treat associated 
vascular lesions such as aneurysms [ 71 – 73 ]. As an adjunct to microsurgical 
resection, endovascular embolization has proven very helpful in cases of AVMs 
with a large nidus, deep-feeding vessels, and high-fl ow shunts (Figs.  12.8  and 
 12.9 ). This approach has allowed for safe treatment of AVMs with higher 
Spetzler–Martin grades as compared to surgical resection alone while at the 
same time shortening operative time and minimizing blood loss intraoperatively 
(Fig.  12.10 ) [ 63 ,  74 ,  75 ].

     Endovascular embolization is one of the highest risk neurointerventional pro-
cedures and should not be offered without careful consideration. Some architec-
turally simple and small AVMs (Spetzler–Martin grades I and II) can be safely 
removed using surgical excision alone. On the other hand, embolization should 
be strongly considered in AVMs with a Spetzler–Martin grade of III, IV, and 
sometimes V and, as mentioned above, generally any AVMs with deep feeders 
that are hard to access through microsurgery [ 76 ]. As an adjunctive treatment, the 
degree of nidal occlusion does not always need to be 100 %. The work by Vinuela 
et al. suggests that while endovascular embolization is most useful to the surgeon 
when the AVM nidus has been occluded by at least 75 %, lesser degrees of occlu-
sion were also helpful if they removed deep inaccessible feeders [ 77 ]. 

 For AVMs that are large and deeply seated in eloquent cortex, multimodal 
treatment consists of endovascular embolization and radiosurgery. The goal of 
endovascular embolization in these cases is to reduce the size of the AVM in 
addition to treating associated vascular lesions that are not responsive to radia-
tion, such as intra- and extranidal aneurysms and fi stulas. Radiosurgery generally 
becomes more likely to achieve a cure as the size of the AVM nidus decreases. 
There is data to suggest that radiosurgical cure is more likely when the AVM 
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  Fig. 12.9    Post-embolization conventional angiogram of the same patient demonstrating near- 
complete shutdown of the AVM nidus       

  Fig. 12.8    A pre-embolization conventional angiogram showing occipital AVM with feeders from 
the posterior cerebral artery       
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nidus volume is reduced to less than 10 ml (diameter < 3 cm). Gobin et al. showed 
that embolization was most helpful as adjunct to radiosurgery in treatment of 
AVMs with a nidus size of 4–6 cm in diameter [ 78 – 81 ]. In some cases, endovas-
cular embolization is used post-radiosurgery, in AVMs that fail to obliterate after 
radiosurgery [ 72 ,  81 ].  

•    Curative  
 The concept of embolization as a curative modality is somewhat controversial. 
However, there is an increasing belief among interventionalists that complete angi-
ographic obliteration leads to elimination of hemorrhage risk. Achieving this goal 
is challenging. The main reason for this is the diffi culty in superselectively cathe-
terizing and obliterating all of the small feeders that most AVMs have. In case 
series of AVMs destined for multimodal treatment with endovascular embolization 
as the initial therapy, only 10–20 % of these lesions were declared cured with 
embolization alone with no further treatment modality required [ 63 ,  79 ,  82 ]. 
However, and with the continuing evolution of endovascular equipment, technique, 
and tools for lesion accessibility and obliteration, data from more recent series 
demonstrated higher cure rates of 27–49 % [ 64 ,  83 ]. When specifi c criteria were 
used to select AVMs to undergo primarily curative endovascular embolization as 
opposed to its use as an adjunctive treatment, even higher cure rates were reported. 
These criteria included AVMs with a single nidus, with few prominent feeders, and 
with more fi stulous rather than nidal arteriovenous shunting. Cure rates with 

  Fig. 12.10    Postsurgical resection angiogram of embolized occipital AVM       
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endovascular embolization alone approaching 75 % were reported in such selected 
subcohorts [ 65 ,  82 ]. Wikhom et al. also suggest that the cure rate depends heavily 
on the volume of the nidus, with those smaller than 4 ml having over 70 % chance 
of cure as opposed to a 15 % cure rate for those larger than 4 ml [ 84 ].  

•    Palliative treatment  
 In certain AVMs that are surgically inoperable or cannot be obliterated with mul-
timodal treatment, palliative embolization may be offered to reduce the risk of 
recurrent hemorrhage posed by perinidal aneurysms or to alleviate neurological 
symptoms caused by local mass effect or steal phenomenon [ 85 ,  86 ]. Whether 
palliative treatment of AVMs that are asymptomatic improves the natural history 
of these lesions is controversial with strong data suggesting that it does not alter 
the natural history of these lesions [ 27 ,  86 ] and with some studies suggesting it 
may actually increase the risk of intracerebral hemorrhage [ 84 ,  87 ].     

   Tools Review: Embolic Agents (See Chap.   1    ) 

 Several embolic agents have been developed over the years to treat AVMs. Some of 
these are now almost obsolete due primarily to poor nidal penetration, higher recur-
rence rates, and an increased overall complication rate. Examples of such agents are 
silk sutures and polyvinyl alcohol particles (PVA) [ 88 ,  89 ]. The success of any 
embolic treatment lies mainly in the embolic agent’s ability to penetrate and dura-
bility. Proximal feeding vessel embolization without penetration into the nidus typi-
cally results in nidal recurrence via a phenomenon known as nidal recruitment in 
which the AVM nidus, over time, recruits new arterial feeders [ 90 ,  91 ]. 

 This section will focus on the two most widely used, Food and Drug Administration 
(FDA) approved liquid embolic agents. These are  N -butyl cyanoacrylate (n-BCA) 
(TRUFILL, Codman Neurovascular, Raynham, MA) and ethylene vinyl alcohol 
copolymer (Onyx, Covidien, Irvine, CA). Other embolic materials such as platinum 
coils are sometimes used in treatment of AVMs or associated aneurysms, but these 
are discussed elsewhere in this book.

•     N-butyl cyanoacrylate (n-BCA)  
 Approved by the FDA in 2000 for treatment of brain AVMs, n-BCA is marketed 
in the USA under the name TRUFILL ®  n-BCA Liquid Embolic System (Codman 
Neurovascular, Raynham, MA). It is also commonly referred to in the medical 
literature as “glue.” 

 Chemically, n-BCA is a liquid adhesive monomer that is clear and free fl ow-
ing in its pure form. Upon contact with body fl uids and tissues including blood, 
the monomer undergoes a rapid polymerization reaction via an anionic mecha-
nism transforming it into a solid state that forms a hard cast inside the lumen of 
the containing structure or vessel. 

 The monomer is carefully injected under fl uoroscopic guidance via superse-
lective catheterization of the target vessel or nidus. The catheter is placed as 
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close as possible to the nidus of the AVM in order to avoid hardening inside the 
feeding vessel prior to reaching and penetrating the nidus [ 92 ,  93 ]. 

 Prior to its delivery, n-BCA is usually mixed in various ratios with an 
ethiodized oil compound to retard the polymerization reaction and to allow the 
injected mixture to travel some distance and achieve better nidal penetration 
before polymerization sets it. Once injected, the operator should be ready to 
retract the delivery microcatheter within seconds to prevent hardening of the 
mixture around the catheter tip and trapping the catheter tip within the artery, 
which can lead to retention of a catheter fragment upon attempted retrieval [ 67 ]. 
In addition to its role as an occlusive agent, it is also shown that n-BCA induces 
an infl ammatory reaction in situ, promoting fi brotic remodeling and involution 
over time, thus aiding in the obliteration process [ 94 ].  

•    EVOH (Onyx)  
 Onyx ®  LES is made of ethylene vinyl alcohol copolymer (EVOH) (Covidien, 
Irvine, CA). It is a liquid nonadhesive copolymer that received its FDA approval 
in 2005 for endovascular embolic treatment of AVMs. It solidifi es inside the ves-
sels from the outside inward, creating a semisolid shell. This process is analo-
gous to the hardening of lava and led to its trade name, Onyx. 

 Onyx was mainly developed to address one main shortcoming of n-BCA: its 
rapid polymerization in contact with tissue. This property is not optimal for 
many users due to the perceived risk of trapping the delivery catheter within the 
embolic mass. The Onyx solidifi cation process occurs over minutes to hours in a 
cohesive rather than adhesive manner. This allows more time and control for the 
operator treating the AVM while at the same time promoting more complete 
nidal penetration. Once it solidifi es, the end product is a spongy cast within the 
injected lumen. 

 Onyx is delivered into the target vessel dissolved in dimethyl sulfoxide 
(DMSO). DMSO allows the copolymer to travel some distance once injected 
before it precipitates out of the solvent and begins the solidifi cation process. The 
distance it travels depends on the fi nal viscosity of the mixture (EVOH plus 
DMSO). Onyx is supplied in two different concentrations producing two differ-
ent viscosities. Onyx 18 is composed of 6 % EVOH and 94 % DMSO producing 
a viscosity of 18 centipoises, and Onyx 34 is composed of 8 % EVOH and 92 % 
DMSO and has a viscosity of 34 centipoises. Onyx 34 therefore is more viscous, 
making it useful in the treatment of high-fl ow AVMs with large feeders or fi stu-
lous connections. Onyx 18 has the ability to travel farther in low-fl ow situations 
given its lower viscosity [ 95 ]. 

 Once the injection process starts, fl uoroscopic visualization of the injection 
must be attained to ensure anterograde fl ow of the injected material. Thanks to its 
nonadhesive nature, the injection and delivery process can be performed slowly, 
and the injection can be stopped and restarted several times if needed. Initially, a 
small Onyx cast is allowed to form around the catheter tip (the “plug”). Once 
created, subsequent injections of Onyx travel into the AVM nidus, and large vol-
umes of nidus can be occluded. 
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 EVOH produces minimal to no infl ammatory reaction upon precipitation in 
tissue in contrast to n-BCA. On the other hand, its solvent DMSO is capable of 
inducing severe vasospasm and even angionecrosis and rupture if injected too 
quickly. Slow controlled injection is therefore prudent when using Onyx [ 96 , 
 97 ]. Patients also notice a garlic-like taste and a characteristic odor to their breath 
for several hours to days after Onyx treatment due to DMSO.     

   EVOH vs. n-BCA 

 In a prospective, multicenter, randomized trial comparing n-BCA to Onyx for pre-
surgical endovascular embolization of AVM, there was no signifi cant difference 
between the two agents in terms of AVM volume reduction, amount of surgical 
blood loss, and surgical resection time. Adverse events between the two agents also 
showed no statistical signifi cance in the 117 patients’ study [ 98 ]. On the other hand, 
Akin et al., in a swine model experiment, demonstrated easier post-embolization 
surgical resection of AVMs when Onyx is used compared to n-BCA [ 99 ]. This how-
ever comes on the expense of a prolonged endovascular procedure time and 
increased radiation exposure with Onyx [ 100 ]. Finally, some evidence suggests that 
Onyx may be associated with AVM recanalization due to its lower infl ammatory- 
induced angiofi brosis [ 101 ]. Which of the two liquid embolic systems to use in 
which particular clinical situation remains largely an operator preference.  

   AVM-Associated Aneurysms 

 There is a strong association between AVMs and intracranial aneurysms resulting 
from the altered fl ow dynamics. The reported prevalence of intracranial aneurysms 
in AVM population varies widely and ranges from 3 % up to 58 % [ 102 – 105 ]. 
Presence of AVM-related aneurysms signifi cantly increases the risk of hemorrhagic 
presentations [ 7 ,  36 ,  106 ]. 

 These aneurysms can simply be classifi ed into intranidal (IN) and extranidal 
(EN). EN aneurysms can be located in the territory of the AVM (i.e., on a direct 
feeding artery) or outside this territory in a typical location such as the circle of 
Willis. Most aneurysms found in hemorrhagic AVM presentations are located intra-
nidally or on a distal feeder close to the AVM nidus, suggesting a higher likelihood 
that these aneurysms are the source of the bleed [ 102 ,  107 ,  108 ]. Multiple aneu-
rysms are frequently found as well; however, these are not associated with addi-
tional risk versus single aneurysms [ 102 ,  104 ]. No data exists with regard to the size 
of AVM-related aneurysms at which they pose a critical risk of rupture. However, it 
is generally agreed that the larger the aneurysm, the higher is its risk of rupture. 

 The modality as well as timing of treatment for these AVM-associated aneu-
rysms depends on their location as well as presentation. Most of AVM-associated 
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aneurysms (IN and those located within the territory of AVM feeders) are preferen-
tially treated via endovascular coil embolization or liquid embolization, usually 
prior to treating the AVM itself to avoid any risk of rupture associated with sudden 
changes in fl ow dynamics related to AVM treatment [ 102 ,  104 ,  108 ]. There is some 
evidence on the other hand to suggest that AVM-associated aneurysms spontane-
ously regress when the AVM lesion is treated, especially for proximally located 
aneurysms, and they therefore do not have to be dealt with prior to defi nite AVM 
treatment [ 103 ,  107 ]. This is of course unless they are determined to be the source 
of hemorrhage, in which case urgent treatment of the aneurysm is recommended 
regardless of its precise location since aneurysmal bleed has a higher early recur-
rence rate than non-aneurysm-related AVM nidal hemorrhage [ 102 ].  

   Complications and Risks of Endovascular Treatment 

 Complications of endovascular embolization of AVMs include nonspecifi c compli-
cations such as access site bleeding, contrast allergy, and contrast-related nephro-
toxicity. We will focus our discussion here, however, on the specifi c complications 
related to endovascular AVM treatment. 

 The most feared complication of AVM embolization is neurological injury with 
permanent morbidity or mortality related to ischemia or hemorrhage. Ischemic 
complications occur when blood clots develop around the delivery and access cath-
eters and wires, when a small artery is mechanically dissected, or when air is intro-
duced accidentally into the system. This is typically minimized with careful 
manipulation and catheterization of vessels, judicious administration of systemic 
heparin intravenously during the procedure, and meticulous attention to maintain a 
closed and continuously fl ushed access system. More commonly, ischemic injury 
results from inadvertent embolization or refl ux of embolic material into an eloquent 
vessel [ 77 ,  109 ]. Careful planning of the procedure and proper visualization of tar-
get vessels coupled with appropriate choice of embolic agent and its concentration 
help minimize these potentially catastrophic complications. Pre-embolization pro-
vocative testing may also help determine which arterial feeders also serve normal 
brain function, the so-called en-passage vessels [ 44 ,  45 ,  110 ]. 

 Hemorrhagic complications can occur either intraoperatively or postoperatively 
and are related to changes in fl ow dynamics induced by occlusive embolization of 
arterial pedicles leading to diversion of fl ow to areas that cannot withstand the sud-
den increase in perfusion pressure (normal perfusion pressure breakthrough phe-
nomenon, NPPB) [ 66 ]. Hemorrhage can also result from inadvertent embolization 
of draining veins leading to venous congestion with subsequent hemorrhage [ 111 ]. 
Catheter and wire manipulation can sometimes cause mechanical rupture or perfo-
ration of the vessel wall, also precipitating acute hemorrhagic complications. These 
complications can be minimized by careful visualization of the embolization target 
with the appropriate choice of the embolization agent concentration to prevent inad-
vertent venous embolization. Staged embolization over weeks or months may 
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decrease the risk of overwhelming the cerebral autoregulatory mechanism allowing 
it time to recalibrate and thus preventing NPPB [ 67 ,  75 ,  109 ]. 

 A number of characteristics are associated with higher rates of morbidity and 
mortality related to endovascular AVM treatment. These include AVMs with higher 
Spetzler–Martin grades (grades III–V), those having deep venous drainage, older 
patients, and those having a normal neurological exam at baseline [ 67 ,  109 ]. Overall, 
the rate of treatment-related disabling neurological morbidity ranges from 1.6 to 
11 % with mortality rates of less than 2 %, with ischemia being a slightly more 
 common cause than hemorrhages [ 67 ,  109 ,  112 ,  113 ].  

   Procedural Considerations 

•      Patient selection : Ruptured AVMs are generally treated with embolization, 
resection, or a combination of these modalities. The decision to treat unruptured 
AVMs is more controversial. Young age, low operative risk, high-risk features, 
and refractory symptoms may argue for aggressive treatment with embolization, 
resection, radiosurgery, or a multimodality approach. Whether ruptured or 
unruptured, AVM treatment decisions should be made as part of a multidisci-
plinary team.  

•    Pre - procedure : A complete diagnostic catheter angiogram must be performed in 
all cases. This provides information on the location and structure of the nidus, 
the size and number of its feeders, the venous drainage, and the presence of fl ow- 
related stenoses or aneurysms. Digital subtraction angiography at higher frame 
rates is usually employed to help identify dominant feeders to the AVM and help 
stratify the most accessible feeders. Pre-embolization microcatheter angiogra-
phy with or without provocative testing (see Chap.   9    ) is performed at some cen-
ters to select arterial pedicles for embolization but is associated with an elevated 
risk compared to extracranial catheterization. A three-dimensional image is 
sometimes helpful to further characterize the lesion and select the optimal imag-
ing angle to utilize during endovascular surgery.  

•    Anesthesia : General anesthesia is the preferred modality in lengthy AVM embo-
lization procedures. It improves image quality through mechanically induced 
apnea and decreased patient movement. Eliminating the risk of sudden unex-
pected patient movement during delicate microcatheterization enhances safety. 
Finally, general anesthesia allows for greater hemodynamic stability and 
control.  

•    Sheaths : A 6F or larger sheath is generally required. In patients older than 50, we 
recommend using a femoral sheath length (35 cm or greater) that bypasses any 
proximal aortoiliac tortuosity. When treating posterior circulation lesions, radial 
access may be advantageous. In this case, a 6F 11 cm or shorter sheath is 
recommended.  

•    Guiding catheters : A 6F or larger guiding catheter is generally recommended; 
however, in some instances, a 5F guiding catheter may suffi ce. Standard guiding 
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catheters can be safely positioned within the distal cervical carotid artery or at 
the V2/3 junction. Alternatively, a more fl exible, atraumatic tipped guiding cath-
eter may be navigated into the petrous/cavernous carotid or V3/4 junction (e.g., 
Neuron, Penumbra Inc., Alameda, CA).  

•    Intermediate catheters : Distal access catheters can act as intermediate catheters 
and help navigate the intracranial circulation. A DAC 038 or 044 by Stryker 
Neurovascular (Kalamazoo, MI) can be used as an intermediate catheter. They 
can help provide support to help direct fl ow-guided microcatheters towards the 
AVM and additionally can help perform superselective angiograms or roadmap 
images of a limited territory. DAC also helps in retrieval of the microcatheter by 
changing the angle of extraction and reducing the risk of extraction-related 
hemorrhage.  

•    Microcatheters : The size of the arterial feeder and the embolic agent being used 
dictates the type of microcatheter that is used. If Onyx is the embolic agent that 
is to be used, then 2.1/1.7 F Echelon 10, 2.4/1.9 F Echelon 14, or Marathon 
2.7/1.3F (Covidien) fl ow-directed catheters are compatible. The advantage of 
using the Echelon platform is that these catheters can also be used to deploy coils 
if desired. For distal AVMs with small feeding vessels, typically a fl ow-directed 
Marathon catheter is preferable. These catheters are also compatible with n-BCA. 

 Recently the Scepter balloon tip microcatheter (Microvention-Terumo, Tustin, 
CA), a dual lumen balloon microcatheter, has been used to inject Onyx. The bal-
loon around the microcatheter is infl ated before injecting Onyx and allows for 
more distal penetration into the AVM nidus without retrograde or branch artery 
refl ux. This microcatheter does not have the fl ow-directed properties that are 
required for more distal AVMs, and the 4 mm nominal diameter precludes infl a-
tion in small vessels.  

•    Microwires : Depending on the type of microcatheter used, either a 0.010″ or 
0.014″ microwire is used to help navigate the intracranial circulation. The 0.008″ 
Mirage wire is atraumatic and facilitates the safe selection of distal AVM 
vessels.  

•    Embolic agents : As described earlier in this chapter, the mainstays of liquid 
embolic agents are n-BCA and EVOH. Coils (see Chaps.   1    ,   10    , and   11    ) may also 
be used if needed to slow down passage of the embolic agent into the AVM (typi-
cally with n-BCA) or if treating an associated aneurysm.     

   Procedural Steps 

 Anesthesia is induced, and intravascular access is obtained. Typically heparin is 
administered to maintain an ACT > 250 and checked hourly thereafter. The guide 
catheter is advanced into position. The presurgical angiogram should be accessible 
to help plan the best working projection. After obtaining baseline angiograms, a 
working projection roadmap is obtained to elucidate access to the AVM nidus via 
the most dominant and least risky feeder. We typically will use a 038 or 044 DAC 
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intermediate catheter to help advance our microcatheter towards the AVM in a coax-
ial fashion. The DAC is also useful to perform a focused roadmap of the territory of 
concern. To keep our options open on the type of embolic agent being used, we typi-
cally advance either an Echelon 10 or a Marathon microcatheter over a 0.014″ or 
0.010″ microwire respectively to the most distal position obtainable. Subsequently 
a superselective microcatheter angiogram is performed paying attention to the tran-
sit time through the nidus, any additional branches coming off the feeder that supply 
tissue adjacent to the nidus and the venous outfl ow. The goal of liquid embolic (LE) 
injection is to maximize nidal penetration while minimizing adjacent normal brain 
and venous outfl ow obstruction. Once satisfi ed with the position of the microcath-
eter, a decision is made to use either Onyx or n-BCA based on the distance the agent 
needs to travel and the rate of fl ow through the AVM as described previously. The 
microcatheter is then fl ushed with either dextrose solution in the case of n-BCA or 
DMSO in the case of Onyx. The LE is then injected under a negative roadmap, pay-
ing particular attention to the dead space of the microcatheter being used so as to 
know when to expect the embolic agent to leave the catheter and so that the material 
is well visualized as it penetrates the vascular bed. It is desirable to have reference 
images up on the screen to remind the operator where the embolic agent should not 
go (i.e., adjacent vessels supplying brain tissue or venous outfl ow). 

 With n-BCA, the duration of injection is very short (5–15 s depending on con-
centration) during which optimal penetration of the nidus is achieved without 
obstructing venous outfl ow. For fast fl owing fi stulas, the fl ow may need to be slowed 
down by inducing hypotension, partially infl ating a balloon proximally, or deploy-
ing a coil next to the nidus in addition to using a more viscous mixture of 
n-BCA. After the injection, the microcatheter has to be extracted immediately to 
prevent it from permanently adhering to tissue. 

 Onyx injections can last anywhere from 15 min up to an hour and still allow for 
safe catheter extraction. Initially a plug is created around the catheter tip. During 
this time, small microinjections are performed under negative roadmap to monitor 
the amount of refl ux and direction of Onyx accumulation. A “plug” typically takes 
about 10–15 min to form. Once complete, subsequent Onyx injection will proceed 
into the nidus. If Onyx 34 is initially employed, subsequent use of Onyx 18 may 
achieve deeper penetration into the nidus. Recently the Scepter balloon microcath-
eter has allowed more effective Onyx injections while the balloon is infl ated in the 
pedicle. Defl ation of the balloon tip may also promote catheter disengagement with 
the cast and facilitate catheter removal. 

 Post embolization and extraction of the catheter, control angiography is per-
formed to rule out vascular injury or inadvertent embolization of normal territories. 
Additional embolization may be performed through other arterial feeders depend-
ing on the scope of treatment, i.e., adjunctive, curative, or palliative. As a rule, grade 
IV–V AVMs should be embolized in stages to allow gradual redistribution of fl ow 
and to prevent breakthrough bleeding.  
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   Illustrative Case 1 

 A 54-year-old left-handed man presented with a several-year history of left-sided 
parkinsonian symptoms and facial twitching. Given the atypical unilateral nature of 
his symptoms, a brain MRI was performed (Fig.  12.11 ). This study showed a right 
temporal lobe AVM. The possibility of a vascular steal syndrome causing his symp-
toms was raised, and the patient elected to undergo treatment of the lesion in hopes 
that his parkinsonism would improve or stabilize. As part of his preoperative evalu-
ation, a functional MRI was performed to screen for language function in the right 
temporal lobe. This study indicated language was represented bilaterally (Fig.  12.12 ). 
In order to minimize risk to the language area, endovascular embolization was 
selected as the treatment modality.

    A 6F 35 cm sheath was placed in the right femoral artery. A 6F MPC Envoy guid-
ing catheter (Codman Neurovascular, Raynham, MA) was navigated along with a 
0.035-in. Glidewire (Terumo, Somerset, NJ) into the right distal internal carotid 
artery. A 0.038-in. DAC and Marathon microcatheter were coaxially inserted along 
with a mirage wire and used to microcatheterize the AVM (Fig.  12.13a ). Two pedi-
cles were injected with Onyx using the “plug and push” technique. Complete angio-
graphic cure was achieved (Fig.  12.13b ).

  Fig. 12.11    T2-weighted 
axial MRI image showing a 
small right temporal AVM       
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  Fig. 12.12    Functional MRI showing bilateral, temporal language representation       

  Fig. 12.13    Anterior–posterior projection, high-magnifi cation angiogram showing the right tem-
poral AVM pre ( a ) and post ( b ) embolization       
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      Post-procedural Considerations 

 It is important to carefully monitor and guard against spikes in blood pressure dur-
ing the post-procedural period. High-risk points include awakening from anesthesia 
and extubation. Such spikes in blood pressure may precipitate hyperperfusion syn-
drome, cerebral edema, and/or ICH. We typically recommend monitoring the patient 
in the neurointensive care unit with continuous arterial blood pressure monitoring. 
A systolic blood pressure less than 140 after a staged partial or adjunctive emboliza-
tion or less than 120 for the fi rst 24–48 h if an AVM is completely obliterated is 
desirable. Some operators may use perioperative steroids to minimize infl amma-
tion, pain, and edema after embolization. Continued attention to a patient’s blood 
pressure even after discharge is important for the fi rst couple of weeks to prevent 
breakthrough bleeding after AVM embolization, and we judiciously use antihyper-
tensive medications in patients with either known or borderline hypertension in the 
postoperative period.   

   Stereotactic Radiosurgery 

   Introduction 

 Stereotactic radiosurgery (SRS) is a nonsurgical procedure in which a precise 
beam of high-dose radiation is delivered to a lesion causing damage and necrosis 
at the cellular level. Its application in treatment of intracranial lesions dates back 
to the 1950s with subsequent use in AVM treatment beginning in the late 1960s 
[ 114 ]. SRS works by inducing cellular necrosis and ultimately causing oblitera-
tion of fl ow to the AVM nidus. Its main advantage is that it delivers a focused 
beam of high-dose radiation to a stereotactically defi ned target while only expos-
ing the surrounding tissue to minimal radiation, essentially sparing it from any 
long-term effect. Histopathologically, Schenieder et al. described the changes at 
the cellular levels of SRS-treated lesions; these changes included endothelial layer 
damage, intimal thickening due to smooth muscle proliferation, and subsequent 
stenosis and obliteration of vascular channels [ 115 ]. The process of lesion oblit-
eration is gradual and prolonged, taking months to years before the desired effect 
is achieved [ 116 – 118 ]. 

 Three types of stereotactic radiosurgery have been used in the treatment of brain 
AVMs: Gamma Knife radiosurgery which uses cobalt as a radiation source, linear 
accelerator radiosurgery, and proton or helium ion beam therapy. There is no proven 
difference in effi cacy among these modes of SRS.  
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   SRS Treatment Strategy 

 As with other AVM treatment modalities, the main goal of SRS treatment is com-
plete AVM obliteration to reduce the risk of hemorrhage and to help control AVM- 
related symptoms such as intractable seizures [ 119 – 121 ]. SRS is used primarily to 
treat AVMs when microsurgery is not feasible and endovascular embolization is not 
curative. Examples include large AVMs or AVMs located in the brain stem or basal 
ganglia. Radiation treatment may also be offered to patients with low S–M grade 
AVMs who refuse to undergo surgical resections [ 120 ,  122 – 124 ]. SRS is sometimes 
offered to treat large AVMs either as a palliative measure or as part of a multimodal 
treatment plan in combination with microsurgical resection or endovascular embo-
lization or both, and this is sometimes done in a staged fashion [ 125 ,  126 ]. 

 When SRS is used to treat AVM, it is important to understand the “latency 
period” associated with it, that is, the period from the start of SRS treatment until 
obliteration, partial or complete, is achieved. This latency period takes on average 
2–3 years during which time the risk of AVM hemorrhage persists, though it might 
be decreased [ 127 ,  128 ]. It is therefore not recommended to offer SRS as a primary 
treatment modality to treat AVMs that present with hemorrhage, as these have a 
higher risk of subsequent hemorrhage, or to AVMs that are assessed as having an 
aggressive course with a high initial hemorrhage risk (e.g., having associated aneu-
rysms or complex high-fl ow nidus) [ 120 ,  129 ]. 

 The main factor that predicts the success of SRS in achieving nidal obliteration 
is the size of the nidus itself. Multiple published case series report obliteration rates 
of 80 % or more when the AVM nidus diameter was 3 cm or less [ 120 ,  130 – 132 ]. 
Other factors found to favor SRS success were younger patients, hemispheric AVM 
location, and smaller number of draining veins [ 131 ]. SRS outcomes in treatment of 
large AVMs that were unsuitable for surgery have been less impressive with oblit-
eration rates of less than 60 % and often requiring longer and more frequent SRS 
treatment and with higher doses of radiation [ 132 ,  133 ]. 

 The effect and outcome of SRS treatment and degree of AVM obliteration are 
usually monitored with noninvasive imaging such as MRI and MR angiogram of the 
brain [ 39 ,  134 ,  135 ]. However, conventional angiography remains the gold standard 
in its ability to confi rm complete nidus obliteration post radiosurgery, and this is 
recommended as a confi rmatory method once the MRI suggests obliteration to rule 
out any false negatives (residual nidus) or early recanalization [ 135 ].  

   Complications and Risks of SRS Treatment 

 Complications of SRS therapy can include adverse events that arise from radiation 
exposure of normal tissue adjacent to the target lesion. This can range from inconse-
quential and transient local scalp alopecia to more serious parenchymal brain edema 
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or even radiation necrosis with varying degrees of neurological manifestations ranging 
from headaches, seizures, and focal neurological defi cits to death [ 132 ,  136 ,  137 ]. 
Transient abnormal signal in the peri-AVM region on brain MRI following treatment 
is also seen [ 138 ]. 

 Risks specifi c to the target lesion include the continued risk of hemorrhage dur-
ing the treatment latent period, although recent published data suggest that this risk 
may be reduced from the original hemorrhage risk by approximately 60 % [ 117 , 
 128 ]. Finally, rare recanalization or reappearance of the AVM several years after 
conclusion of SRS therapy and declared obliteration has also been reported [ 139 ].   

   Conclusion 

 Management of AVMs has evolved to include multiple available treatment modali-
ties. Microsurgical, endovascular, and radiosurgical approaches should all be con-
sidered on a case by case basis, and often the best course of action involves a 
multimodality approach. Progress in the fi eld of medical technology has markedly 
improved understanding of pathophysiology as well as improved patient outcomes. 
As technology advances, the hope is that AVMs will be even better treated with 
fewer risks. In any case, collaboration between the neurosurgeon, interventionalist, 
and radiation oncologist is critical to the best patient outcomes from diagnosis to 
treatment of AVMs.     
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           Introduction 

    Cranial dural arteriovenous fi stulas (DAVFs) are vascular lesions in which an 
 abnormal, direct arteriovenous connection forms typically between a meningeal 
artery and a dural venous sinus or cortical vein. The fi stula causes a rise in the lumi-
nal pressure of the sinus and its contributing veins that may result in venous conges-
tion, the formation of venous varices, and even hemorrhage. With the exception of 
the vein of Galen malformation, DAVFs are generally thought to be acquired lesions. 
It has been postulated that venous obstruction due to thrombosis or compression 
might cause small, preexisting microshunts in the dura to open and expand over 
time [ 1 ]. Alternatively, it has been proposed that venous obstruction causes the 
release of angiogenic growth factors that lead to the recruitment of collaterals from 
local arteries [ 2 ]. In either case, once the fi stula forms, patients may experience 
 tinnitus, headaches, neurological defi cits, or even intracranial hemorrhage. This 
chapter will focus on the diagnosis and treatment of these lesions with a focus on 
endovascular approaches.  

mailto: ahmedoc2004@yahoo.com
mailto: john.dalfino@gmail.com


228

   Tools Review (See Chap.   1    ) 

  Sheath     A 6F sheath is generally employed for DAVF embolization procedures. For 
arterial access in young patients, a short sheath is suffi cient, but a 35 cm sheath is 
recommended in older patients to avoid iliofemoral tortuosity. At times, a 6F, 90 cm 
guiding sheath may be useful for venous access in order to provide suffi cient sup-
port and a large enough inner diameter to navigate subsequent devices.  

  Guide     A 6F guide catheter is most commonly used for transarterial access. A 5F 
catheter may be helpful when accessing the external carotid artery due to its smaller 
diameter and tendency to develop catheter-induced spasm.  

  Microcatheter     A wide variety of catheters are available; however, care must be 
taken to ensure these catheters are compatible with the liquid embolic agent selected. 
The manufacturer of Onyx liquid embolic (ethylene vinyl alcohol; Covidien; Irvine, 
CA) also produces a line of neurovascular microcatheters that are compatible with 
Onyx. The two most commonly used for this purpose are the Marathon (Covidien; 
Irvine, CA) and UltraFlow (Covidien; Irvine, CA). Both catheters are somewhat 
longer than average, allowing more distal navigation (165 cm). The UltraFlow has 
more fl ow-guided properties but is somewhat less robust than the braided Marathon 
design. These microcatheters require a 0.010 in. or smaller microwire. The Scepter 
(MicroVention-Terumo; Tustin, CA) dual-lumen balloon tip microcatheter is also 
Onyx compatible, and the ability to infl ate the distal balloon can greatly facilitate 
injection of the agent as well as reduce the risk of catheter entrapment. However, 
care must be taken when infl ating in a small vessel, as the nominal diameter is 
4 mm. The Duo microcatheter (MicroVention-Terumo; Tustin, CA) is Onyx 
 compatible and has the advantages of accepting larger microwires while having a 
smaller distal outer diameter than the Marathon.  

  Microwire     A 0.010 in. microwire or smaller microwire is needed with most liquid 
embolic-compatible microcatheters. The Mirage microwire (Covidien; Irvine, CA) 
is often paired with the Marathon or UltraFlow catheters. It is a 0.008 in. wire and 
therefore is the least likely to cause arterial injury while accessing the small, distal 
vessels often involved in DAVF. However, it is not the most steerable, and a 0.010 in. 
wire is preferred in diffi cult vessel selection.  

  Liquid Embolic (see Chap.   12    )     Onyx and TRUFILL ( n -butyl cyanoacrylate; 
Codman Neurovascular; Raynham, MA) liquid embolic agents are most commonly 
utilized in DAVF embolization. TRUFILL has the advantage of variable dilution 
parameters that can be tailored to the particular lesion but is limited by short work-
ing times.  

  Coil (see Chaps.   1    ,   10    , and   11    )     These devices are useful in occluding larger venous 
structures or slowing a high-fl ow lesion prior to the use of a liquid embolic agent. 
However, their use in the dural sinuses can be costly due to the large number needed 
to achieve occlusion.    There are several lower cost coils designed for “peripheral” 
use that can be considered, including the AZUR (MicroVention-Terumo; Tustin, 
CA) and Ruby (Penumbra; Alameda, CA) lines.   
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   Clinical Presentation 

 The symptoms of a DAVF will vary depending on its location (Table  13.1 ). Most 
symptomatic DAVFs are high-fl ow lesions. They at least partially interfere with 
normal venous drainage and in many cases cause a compensated communicating 
hydrocephalus. As a result, patients with DAVF complain of headaches, pulsatile 
tinnitus, and blurry vision. In severe cases, intracranial hemorrhage can occur due 
to rupture of a venous varix or venous infarction. DAVF in the cavernous sinus will 
produce ocular palsies, chemosis, proptosis, and vision loss (see Chap.   15    ). DAVFs 
that occur in infants, such as vein of Galen malformations, may cause high output 
cardiac failure.

      Imaging of DAVF 

   Non-contrast Computed Tomography 

 As with most vascular lesions, DAVFs are not typically visible by non-contrasted 
computed tomography (CT). In patients with a high clinical suspicion, the follow-
ing features might be noted:

•    The presence of intracranial hemorrhage, sometimes associated subdural 
hematoma  

•   Ventriculomegaly secondary to communicating hydrocephalus  
•   Hyperdensity of a dural sinus suggesting thrombosis     

   Table 13.1    Most common locations of DAVF [ 3 ]   

 Location (sinus) 
 Typical feeding 
arteries  Venous outlet  Typical symptoms 

 Transverse/sigmoid 
(50 %) 

 ICA, MMA, APA, 
PA, OA, VA 

 Transverse/sigmoid sinus  Pulsatile tinnitus, 
bruit, headaches 

 Cavernous sinus 
(10–16 %) 

 ICA, IMA, 
MMA, APA 

 Cavernous sinus, ophthalmic 
vein, inferior petrosal sinus 

 Chemosis, proptosis, 
bruit, vision loss 

 Tentorial incisura 
(8–12 %) 

 ICA, MMA, APA, 
OA, VA 

 Straight sinus, deep cerebral 
veins 

 ICH, tinnitus, 
headache 

 Convexity (SSS) 
(8 %) 

 OphA, MMA, 
OA, VA 

 Superior sagittal sinus  Headache, dementia, 
seizures 

 Anterior cranial 
fossa (5 %) 

 OphA, IMA, 
MMA 

 Olfactory vein, frontal veins  ICH, headache 

 Foramen magnum 
(5 %) 

 ICA, MMA APA, 
OA, VA 

 Clival plexus  Myelopathy, ICH, 
tinnitus 
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   CT Angiography 

 Due to the high-fl ow nature of DAVF and the fact that they are commonly located 
near bone, the location of the fi stulous connection is not generally visualized by CT 
angiography. Nevertheless, CT angiography can often identify some of the associ-
ated fi ndings of the fi stula including:

•    Venous varices  
•   Dilation and/or occlusion of a venous sinus  
•   Dilation of the ophthalmic vein  
•   Abnormally enlarged subpial vessels     

   Magnetic Resonance Imaging 

 DAVFs are typically not well seen on magnetic resonance imaging (MRI). As with 
CT/CT angiography, MRI may identify dilated veins resulting from venous hyper-
tension. In some cases, venous hypertension may cause focal areas of hyperinten-
sity on T2 and FLAIR sequences. Dilated cortical veins may appear as fl ow voids 
within the cortical sulci but lack a true nidus within the brain parenchyma as would 
be found in a cortical AVM.  

   MR Angiography 

 Time-of-fl ight MR angiography, unlike CT angiography, is sensitive to the direction 
of blood fl ow. In some cases this will allow visualization of fl ow reversal in a dural 
sinus. As with other noninvasive imaging techniques, however, MR angiography 
often does not provide enough detail to aid in treatment planning.  

   Catheter Angiography 

 Catheter Angiography is the gold standard for the identifi cation and staging of 
DAVF. In most cases, selective, bilateral injections the ECAs and ICAs as well as 
the VA should be performed to identify all of the arterial feeders. Often the fi stula 
will have multiple feeders that supply a relatively short segment of the involved 
dural sinus. Retrograde fl ow from the arterialized sinus into the cortical veins (corti-
cal venous refl ux) is evidence of a hemodynamically signifi cant change in local 
parenchymal venous drainage and has been associated with a more malignant 
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natural history, including a higher rate of intracranial hemorrhage. The goals of 
catheter angiography include:

•    Locate arterial feeders.  
•   Identify the fi stulous portion of the involved sinus.  
•   Look for evidence of venous sinus stenosis or refl ux.  
•   Evaluate alternative venous drainage pathways.  
•   Look for evidence of cortical venous refl ux.     

   Angiographic Classifi cation of DAVF 

 Various classifi cation methods have been adopted that attempt to explain the signifi -
cance of the angiographic anatomy, namely, the pattern of venous drainage. The 
commonly used classifi cations are the Borden and Cognard classifi cations. 

 The Borden classifi cation system is used to classify DAVF according to the 
patency of the affected dural sinus and the presence or absence of cortical venous 
refl ux [ 4 ]. This classifi cation system was initially proposed as a guide to help 
describe DAVF according to anatomical and physiological parameters and by doing 
so help in selecting the best surgical and/or endovascular approach. Later case series 
[ 5 ] confi rmed that the Borden grade also correlates with the risk of intracranial 
hemorrhage or nonvisual neurological defi cit. A summary of this classifi cation sys-
tem is presented in Table  13.2 .

   The Cognard classifi cation system is more detailed (Table  13.3 ) and elaborates 
on the direction of fl ow, whether normal (antegrade) or retrograde, and the presence 
or absence of cortical venous retrograde drainage. In addition, spinal perimedullary 
venous drainage is recognized [ 6 ].

   Table 13.2    The Borden classifi cation system [ 4 ]            

 Borden 
type  Description 

 % of patients presenting with ICH 
or nonvisual neurological defi cit 

 I  Flow into the affected sinus is antegrade with no 
evidence of cortical venous refl ux 

 2 % 

 II  Flow in the affected sinus is antegrade, but there 
is evidence of cortical venous refl ux 

 39 % 

 III  There is no antegrade fl ow through the affected 
sinus distal to the fi stula. All venous outfl ow 
from the fi stula is via subarachnoid veins 

 79 % 

 Subtype A  Fistula has one arterial feeder  – 
 Subtype B  Fistula has more than one arterial feeder  – 
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      Differential Diagnosis 

 Pial AVFs (PAVFs) arise from the arterial supply to the pia or cortex, and the abnor-
mality does not lie with the dural leafl ets. These rare lesions disproportionately 
affect pediatric patients and young adults. They present with similar symptoms and 
signs to DVAF, but intraparenchymal hemorrhage may be more common than sub-
dural hemorrhages. The venous drainage is also cortical, and there may be an asso-
ciate varix. Treatment modalities are similar to DAVF, but the more simple 
angioarchitecture makes transarterial embolization or surgical disconnection more 
feasible [ 7 ]. 

 Arteriovenous malformations (AVMs) are distinguished from DAVF by the cob-
web of fragile connecting blood vessels between the arterial input and the venous 
output present in the AVM. This network is known as the nidus (see Chap.   12    ). 

   Illustrative Case 1 

 A 27-year-old woman presented with sudden-onset headache and mild confusion. 
She was found to have a left, frontal lobe, intraparenchymal hemorrhage on non- 
contrast head CT (Fig.  13.1a ). Diagnostic angiography showed a PAVF arising from 
the frontopolar branch of the left anterior cerebral artery (ACA) and draining into a 
cortical vein (Fig.  13.1b ).

   A 6F 10 cm Pinnacle introducer sheath (Terumo; Somerset, NJ) was inserted 
within the right femoral artery. A 6F MPC Envoy (Codman Neurovascular; 
Raynham, NJ) along with a 0.035 in. Glidewire (Terumo; Somerset, NJ) was then 
used to select the distal left cervical internal carotid artery. A Marathon microcath-
eter and Mirage microwire were then navigated to the site of the fi stula, and a micro-
catheter angiogram was performed (Fig.  13.1c ). Onyx 18 liquid embolic was then 
used to occlude the PAVF (Fig.  13.1d ).    

   Table 13.3    Cognard classifi cation system [ 6 ]   

 Cognard type  Pattern of venous drainage 

 I  Venous drainage into a sinus, normal antegrade fl ow 
 II  Venous drainage into a sinus, with insuffi cient antegrade fl ow and refl ux: 
   IIa  – Retrograde venous drainage into a sinus only 
   IIb  – Retrograde venous drainage into a cortical vein only 
   IIa+b  – Retrograde venous drainage into a sinus and cortical veins 
 III  Venous drainage into a cortical vein without ectasia 
 IV  Venous drainage directly into a cortical vein with venous ectasia larger than 

5 mm in diameter and three times larger than the diameter of the draining vein 
 V  Venous drainage into spinal perimedullary veins 
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   The Natural History of DAVF 

 The natural history of a DAVF is primarily determined by its effect on local drain-
age patterns. Lesions that do not result in hemodynamically signifi cant venous 
hypertension may produce only a bruit or pulsatile tinnitus. As the fl ow through the 
lesion increases, progressive venous hypertension develops. Depending on the loca-
tion, this may lead to hydrocephalus, seizures, ocular edema, or myelopathy. High- 
fl ow lesions may eventually lead to cortical venous refl ux causing the formation of 
venous varices and even intracranial hemorrhage. 

  Fig. 13.1    Non-contrast head CT showing a left frontal lobe hemorrhage ( a ). Lateral projection 
angiogram showing a PAVF between the left frontopolar branch and a cortical vein ( b ), confi rmed 
on microcatheter angiogram ( c ). Complete occlusion is shown after embolization with Onyx 18 ( d )       
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 The natural history of a DAVF is highly correlated with its Borden classifi cation 
regardless of its location. Davies et al. [ 8 ] showed that both treated and untreated 
Borden grade I lesions had a benign clinical course. In 133 patient-years of follow-
 up, the following were observed:

•    Most patient’s symptoms improved with time with treatment (86 %) or without 
(81 %).  

•   The rate of ICH, neurological defi cit, or death was low (<2 %) in both treated and 
untreated patients.  

•   Two patients out of 22 experienced a complication from embolization including 
a pulmonary embolus and an asymptomatic pericallosal artery embolus, but nei-
ther suffered permanent injury.    

 In contrast to Borden grade I lesions, Davies demonstrated that Borden grade II 
and III lesions are associated with a more malignant course [ 9 ].

•    29 % of untreated patients died during the 249 lesion-month follow-up period.  
•   Untreated patients had a 19.2 % risk of ICH, a 10.9 % risk of neurological defi cit, 

and a 19.3 % risk of death per year.  
•   Endovascular cure was effective in avoiding symptoms, but patients with angio-

graphic evidence of cortical venous refl ux after treatment still had an aggressive 
clinical course.  

•   Surgical resection of the fi stula was associated with a high rate of complications 
(33 %). Surgical disconnection of the sinus alone was safer (no complications in 
16 patients) and effective.     

   Medical Decision-Making 

 Based on this data, the Borden classifi cation can be used to help choose between 
observation and treatment.

•    Incidental Borden grade I lesions can be safely observed. Endovascular emboli-
zation of these lesions is safe and may be considered for palliative treatment in 
symptomatic patients.  

•   Borden grade II and III lesions have an aggressive clinical course and should be 
treated. Endovascular treatment is effective only if cortical venous refl ux is elimi-
nated. Surgical disconnection of the sinus was another safe and effective alternative.     

   Treatment Strategies for DAVF 

 The treatment strategies for DAVF include transarterial embolization, transvenous 
embolization, dural sinus recanalization, surgical sinus skeletonization, and radia-
tion. Often, more than one technique will be needed to treat a complex lesion. 
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 As with any arteriovenous shunt, the most effective and durable treatment consists 
of occlusion of the venous recipient of the fi stula [ 10 ], whether this is achieved by 
endovascular treatment or surgery. A proximal arterial occlusion is usually not suffi -
cient, despite angiographic non-opacifi cation of the fi stula, as the fi stulous site will 
still be active. With dural collaterals, the fi stula in time will recruit other dural supply 
and will recur. Conversely, it is equally important to ensure that suffi cient venous 
drainage is preserved to avoid venous infarction or intracerebral hemorrhage. 

   1. Transverse-Sigmoid Sinus DAVF 

 The transverse-sigmoid sinus is the most common location for cranial DAVF. These 
lesions are often Borden type 1 and therefore have a benign natural history. 
Treatment is only to alleviate symptoms such as pulsatile tinnitus. Lesions with 
high-risk features such as cortical venous refl ux, however, should be treated. 

 Selection of the treatment strategy involves weighing several different factors 
including the signifi cance of the patient’s symptoms and their demand for treat-
ment, as well as careful analysis of the angiogram. The angiogram may show that 
the affected sinus does not participate in normal venous drainage. In such cases 
venous occlusion has been shown to be effective and safe. Compartments of a sinus 
may be involved by the fi stula, while others are free so that selective occlusion can 
be achieved while keeping the normal venous pathway patent [ 11 ]. When the tar-
geted sinus is participating in normal cerebral drainage, cure by endovascular means 
is diffi cult, because in such cases the patent dural sinus is still a normal pathway for 
venous drainage, and its occlusion may risk a venous infarction. Palliative arterial 
embolization may thus be used for symptomatic relief. Arterial supply to fi stulae of 
this region typically includes the petrous and petrosquamosal divisions of the mid-
dle meningeal artery, lateral division of the meningohypophyseal trunk off the ICA, 
transosseous branches of the posterior auricular artery, ascending pharyngeal artery, 
transosseous branches of the occipital artery, posterior meningeal arteries, and 
artery of the falx cerebelli. 

 In a large series of DAVFs of the transverse and sigmoid sinuses in 150 patients 
[ 12 ], the occlusion rate of transarterial embolization alone was 30 %, and multiple 
procedures were often required. Ideally, transarterial embolization with permanent 
liquid material (as Onyx) that closes only the AV shunts within the wall of the sinus 
is desirable. Some have proposed the use of transvenous balloon protection within 
the dural sinus to facilitate closure of the DAVF with preservation of the sinus [ 13 ]. 
Treatment of a transverse sinus DAVF by sinus recanalization by angioplasty and 
stenting together with transarterial embolization has also been reported [ 14 ]. 

 Occasionally, the involved sinus is isolated by occlusions at both ends, making 
endovascular access diffi cult. In such cases a combined surgical-endovascular 
approach can be performed with a burr hole over the involved sinus followed by 
sinus occlusion under fl uoroscopic guidance. This may be preceded by arterial embo-
lization in high-fl ow lesions [ 15 ]. Depending on the angioarchitecture, reaching the 
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venous compartment with a liquid embolic agent from a transarterial approach may 
also be an option. 

 Radiosurgery to transverse-sigmoid DAVFs has also been reported [ 16 ,  17 ] from 
a total of 45 patients, symptomatic improvement has been reported to be 74–96 %, 
while angiographic cure rates were 55–87.5 %. It is to be noted that given the long 
time required for radiosurgery to exert an effect and the signifi cant risk for a patient 
with cortical venous refl ux during that period, radiosurgery is not recommended for 
high-risk DAVFs. 

   Illustrative Case 2 

 A 53-year-old female complained of 5 months of left-sided tinnitus and headaches. 
An ENT evaluation revealed no evidence of middle or inner ear pathology. Hearing 
acuity was normal. An MR angiogram revealed evidence of a vascular lesion adja-
cent to the transverse-sigmoid sinus junction. A catheter angiogram revealed a 
Borden grade I dural AVF fed primarily by branches of the left occipital and middle 
meningeal arteries that drained into the sigmoid sinus (Fig.  13.2a ). Due to the com-
plex and extensive anatomy of the arterial feeders, the decision was made to treat 
this fi stula from the venous side.

   The case was performed under general anesthesia. 5 French 10 cm sheaths were 
inserted into the right common femoral artery. A 4 F diagnostic catheter was navi-
gated into the left occipital artery and connected to a continuous heparinized saline 
fl ush. The patient was then given an intravenous heparin bolus of 70 units/kg. A 
100 cm, 6F Flexor Shuttle guiding sheath (Cook Medical; Bloomington, IN) was 
navigated into the distal sigmoid sinus over a 0.035″ stiff Glidewire using an arterial 
roadmap for visualization. A venous angiogram confi rmed that the guide catheter 
was in the sigmoid sinus. 

 A Scepter balloon catheter and Synchro 14 microwire (Stryker; Kalamazoo, MI) 
were then advanced through the Shuttle sheath in the sigmoid sinus and into the 
fi stula using an arterial roadmap for visualization. 

 Embolization started with coils. A total of 6 HydroSoft microcoils 
(MicroVention   , Tustin, CA) were deployed in the fi stula (Fig.  13.2b ). An angio-
gram performed after coiling still demonstrated fi lling of the fi stula. Using the 
same microcatheter, with the distal balloon infl ated, 0.7 ml of Onyx 34 (ev3 
Neurovascular, Irvine, CA) was injected behind the coil mass (Fig.  13.2b ). A run 
following Onyx embolization confi rmed that the fi stula was completely closed 
(Fig.  13.2c ). Follow-up imaging at 5 months and 1 year after embolization shows 
that the treatment was durable.   
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   2. Cavernous Sinus DAVFs (See Chap.   15    ) 

 DAVFs of the cavernous sinus are the second most common type of carotid- cavernous 
fi stulae. Barrow et al. [ 18 ] established the following classifi cation scheme:

 –    Type A: Direct fi stula between ICA and cavernous sinus (i.e., traumatic CCF and 
ruptured cavernous carotid aneurysms)  

 –   Type B: Indirect fi stula between branches of the ICA and the cavernous sinus  
 –   Type C: Indirect fi stula between branches of the ECA and the cavernous sinus  
 –   Type D: Indirect fi stula between branches of both the ICA and ECA and the 

cavernous sinus

   Type D1: unilateral  
  Type D2: bilateral       

 The presenting symptoms depend on the pattern of venous drainage. Drainage 
anteriorly into the superior and inferior ophthalmic veins most commonly causes 
ocular symptoms of chemosis, exophthalmos, diplopia, increased intraocular pres-

  Fig. 13.2    Lateral projection angiogram of the left occipital artery showed a DAVF of the trans-
verse sinus ( a ). Occlusion of the transverse sinus with coil deployment and Onyx 34 delivered 
through an infl ated Scepter balloon catheter ( b ). Elimination of the DAVF after embolization ( c )       

 

13 Intracranial Dural Arteriovenous Fistulae

http://dx.doi.org/10.1007/978-1-4939-1942-0_15


238

sure, and impaired vision. If both cavernous sinuses become involved in the venous 
drainage secondary to a change in the ipsilateral venous outfl ow of the affected 
cavernous sinus, the ocular fi ndings may become bilateral. The so-called “white 
eye” cavernous sinus fi stulas occur when posterior venous drainage predominates. 
Posterior drainage through the inferior petrosal sinus may cause pulsatile tinnitus, 
and venous hemorrhage or infarctions. Rarely, cortical venous refl ux through the 
sphenoparietal sinus into the superfi cial and deep sylvian veins or veins in the pos-
terior fossa can also lead to hemorrhage. 

 The vascular supply to the dura of the cavernous sinus is complex because of 
extensive regional anastomoses between dural branches of the internal carotid artery 
and branches of the internal maxillary artery. From the perspective of angiographic 
workup and embolization, these lesions can be divided into two groups:

 –    Anterolateral group: arising from the orbital apex and lateral cavernous sinus. 
The meningeal supply to the anterior division lesions may be considered as 
refl ecting the hemodynamic balance between branches arising from the  horizontal 
segment of the cavernous internal carotid artery (inferolateral trunk) and the 
meningeal branches of the internal maxillary artery.  

 –   Posterior group: arising from the posterior cavernous sinus. The supply to poste-
rior division lesions is derived primarily from the meningohypophyseal branches 
of the cavernous internal carotid artery and their potential anastomotic connec-
tions with branches of the middle meningeal artery and the ascending pharyngeal 
artery.    

 Treatment options

    1.    Manual compression 
 Spontaneous thrombosis with subsequent closure occurs in 15 % of cavernous 
DAVFs; therefore, Borden type    1 lesions without increased intraocular pressure 
can be managed conservatively. Manual compression of the cervical carotid has 
been reported to facilitate spontaneous closure. The patient is instructed to use 
the opposite hand to locate and manually compress the carotid artery. 

 A diagnostic angiogram is indicated for follow-up and to document complete 
closure of the fi stula.   

   2.    Embolization

 –    Arterial embolization: This is rarely curative and should be used only as a 
palliative treatment in selected cases.  

 –   Venous embolization: This is the most effective route. Various transvenous 
routes have been reported; the two most commonly used are (1) the inferior 
petrosal sinus and (2) the superior ophthalmic vein from the angular and 
facial vein through the external jugular vein [ 19 ]. Dural AVF involving both 
cavernous sinuses are not uncommon. They are usually connected through the 
intercavernous sinuses and can be treated from a unilateral venous approach.    

 A thrombosed inferior petrosal sinus can be traversed in some cases [ 20 ]. 
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 If femoral venous access is unsuccessful or diffi cult due to unnavigable 
 anatomy, then direct percutaneous (or via open surgery) transorbital puncture 
can be performed. This may be done via a superior or inferior ophthalmic vein 
approach [ 21 ,  22 ]. 

 In a large series of 141 patients diagnosed with cavernous DAVF [ 19 ], the 
initial cure rate was 81 %, with long-term follow-up cure rates of 94.5 %. The 
overall complication rate (including asymptomatic emboli and venous perfora-
tion) was 8 % without any permanent neurological sequelae. Detachable coils 
are the most commonly used materials, either alone or in combination with liq-
uid embolics (n-BCA or Onyx).   

   3.    Radiosurgery 
 Several reports have been published on the use of radiosurgery for treatment of 
cavernous DAVFs. Obliteration rates are reported to be more than 80 % [ 23 ,  24 ].      

   3. Tentorial DAVFs 

 Tentorial DAVFs are also known as superior petrosal DAVFs. They are classifi ed 
according to Picard et al. [ 25 ] into:

    1.    Marginal type: located along the free edge of the tentorium   
   2.    Lateral type: located along the lateral venous sinuses   
   3.    Medial type: located adjacent to the straight sinus and torcula    

  The angiographic anatomy typically shows multiple feeders arising from: middle 
meningeal artery, meningohypophyseal trunk, posterior cerebral artery, occipital 
artery, posterior meningeal artery, and superior cerebellar artery. Venous drainage is 
typically retrograde into cerebral and/or cerebellar veins, basal vein of Rosenthal, 
pontine and perimesencephalic    veins, and cervical spinal perimedullary veins [ 26 ]. 

 Tentorial DAVFs frequently are nearly all Borden II or III lesions and frequently 
present with hemorrhage and therefore are treated aggressively when diagnosed. 

 No single treatment strategy is ideal. Surgery and/or embolization treatment 
depends on the clinical status of the patient as well as the angioarchitecture of the 
fi stula. In very complicated cases, radiosurgery combined with serial embolizations 
can be utilized.

    1.    Surgery 

 In most cases coagulation and division of the arterialized draining vein or veins 
can accomplish obliteration of the lesion. Interruption of the draining vein may 
be effective when no other pathway of venous drainage exists [ 27 ]. Preoperative 
arterial embolization may facilitate surgery [ 26 ]. 

 The surgical approach chosen depends on the location of the arterialized veins, but 
a supratentorial-infraoccipital approach is commonly used for exposure of tento-
rial sinus DAVFs.   
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   2.    Embolization
 –    Venous embolization 
 –  Venous embolization should be done only when a venous drainage pouch that 

is separate from veins draining normal brain can be identifi ed and accessed 
with a microcatheter [ 28 ]. Venous embolization is usually done with coils.  

 –   Arterial embolization 
 –  Arterial embolization can lead to angiographic cure only when the microcath-

eter tip is placed close enough to the fi stulous connection to permit placement 
of liquid embolic material across the fi stula to the venous side [ 28 ].      

   3.    Radiosurgery 
 The use of radiosurgery is generally not recommended due to the long latency of 
action and risk of injury of adjacent structures as the brainstem and cranial nerves 
and the <100 % obliteration rates [ 28 ]. On the other hand, successful  radiosurgical 
obliteration of tentorial DAVFs has been reported [ 29 ] and may be reasonable in 
patients with no other options.     

   Illustrative Case 3 

 A 69-year-old woman presented to an outside hospital with sudden-onset dizziness 
and ataxia. A non-contrast head CT showed a right cerebellar hemisphere hemor-
rhage (Fig.  13.3a ). CTA was suspicious for a vascular lesion. Diagnostic angiogra-
phy revealed a medial-type tentorial AVF with involvement of the torcular Herophili 
(Fig.  13.3b ) with the largest supply arising from the posterior division of the middle 
meningeal artery (MMA). Endovascular embolization was selected as the treatment 
modality.

   The procedure was performed under general anesthesia. A 6F 35 cm BRITE TIP 
introducer sheath (Cordis; Bridgewater, NJ) was inserted within the right femoral 
artery. A 6F MPC ENVOY guide catheter along with a 0.035 in. Glidewire (Terumo; 
Somerset, NJ) was then used to select the right external carotid artery. A Marathon 
microcatheter and Mirage microwire were then navigated into the MMA. Onyx 18 
liquid embolic was then used to create a dense plug at the catheter tip, with care 
taken to avoid >1 cm of refl ux. Once anterograde embolization resumed, the entire 
fi stulous connection was obliterated bilaterally (Fig.  13.3c ). This result was stable 
at 6-month follow-up.   

   4. Superior Sagittal Sinus DAVF 

 Superior sagittal sinus DAVFs are uncommon. The lesions are typically located in 
the midportion of the superior sagittal sinus, and feeders are commonly bilateral: 
middle meningeal artery, superfi cial temporal artery, and occipital artery. Venous 
drainage is primarily to the superior sagittal sinus. These lesions can be Borden type 
II or III lesions with cortical venous refl ux [ 30 ]. 
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 These lesions are often challenging to manage by endovascular techniques alone 
and are frequently managed by open surgical techniques. Superior sagittal sinus 
DAVFs requiring surgery are exposed with a midline craniotomy over the sinus 
and the fi stula. Performing the craniotomy over the sinus requires careful preserva-
tion of the dura. A two-piece craniotomy may be needed to fi rst expose one side 
of the sinus to allow sinus dissection from the inner table of the skull under direct 

  Fig. 13.3    Non-contrast head CT showing a right cerebellar hemisphere hemorrhage ( a ). Catheter 
angiogram showing a medial tentorial DAVF involving the torcular Herophili ( b ). Post- 
embolization Onyx cast within the arterial pedicles ( c )       
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visualization before crossing the midline with the second craniotomy fl ap. Surgical 
techniques depend on the Borden grade:

 –    Grade I: skeletonizing the superior sagittal sinus, eliminating the arterial supply 
while preserving normal sinus fl ow  

 –   Grade II: skeletonizing the superior sagittal sinus and interruption of arterialized 
veins, which is done by clipping, cauterizing, and dividing the fi stulous vein  

 –   Grade III: interrupting the fi stula on its venous sinus as it exits the superior sagit-
tal sinus     

   5. Anterior Cranial Fossa DAVFs (Ethmoidal DAVFs) 

 Anterior cranial fossa DAVFs (Ethmoidal DAVFs) are located on the fl oor of the 
anterior cranial fossa, adjacent to the cribriform plate. These lesions are unique in 
that unlike all the other dural AVFs, ethmoidal DAVFs are not associated with a 
venous sinus, and always have retrograde cortical venous drainage (Borden grade 
III lesions), and therefore have a propensity to hemorrhage. Nonhemorrhagic pre-
sentations include headache, decreased visual acuity, and diminished sense of smell 
and taste [ 31 ,  32 ]. 

 Feeders are typically from the anterior ethmoidal artery off the ophthalmic artery 
in 84 % of cases. Other feeders may arise from the internal maxillary artery, middle 
meningeal artery, and superfi cial temporal artery [ 31 ,  32 ]. 

 Surgery is the main form of treatment for these lesions, given the high hemor-
rhage risk and the diffi culties associated with embolization [ 32 ]. Ethmoidal DAVFs 
are exposed through a bifrontal craniotomy and a subfrontal approach. The critical 
step is the interruption of the fi stulous connection between the ethmoidal arteries 
perforating the dura around the cribriform plate and the draining veins. The cortical 
draining vein is identifi ed early and followed retrograde to the fi stulous connection. 
The vein just distal to the fi stula is coagulated and divided. Excessive evacuation of 
a frontal hematoma is avoided to prevent bleeding from the varix before the fi stula 
is controlled. 

 Disconnection of anterior cranial fossa DAVFs has also been reported by using 
transarterial catheterization of the ophthalmic artery and subsequent injection of 
n-BCA. In a report by Agid et al., the success rate was reported as 63.6 % [ 33 ]. The 
microcatheter tip should be positioned distal to the origin of the central retinal artery 
(identifi ed through the choroidal blush of the adjacent posterior ciliary arteries in 
lateral view). Glue embolization is done with a diluted mixture injected in a forward 
direction toward the venous side. Therefore, refl ux is not part of the technique, nor 
will there be any refl ux toward normal collateral anastomoses [ 33 ]. 

 Transvenous approaches have also been reported [ 34 ] but are technically more 
challenging, requiring navigation of the microcatheter to the anterior part of the 
superior sagittal sinus and then selective catheterization of the draining cortical 
vein. Coiling of the vein must be done as close as possible to the fi stulous site and 
proximal to the venous pouch to avoid a catastrophic hemorrhage.   
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   Conclusions 

•     Dural AVFs are acquired vascular lesions that can often have a benign clinical 
course provided that the venous outfl ow of the normal brain parenchyma is not 
impeded.  

•   While noninvasive imaging will sometimes suggest the presence of a DAVF, 
catheter angiography is often required to diagnose and classify these lesions.  

•   Endovascular cure of a dural AVF requires embolization of the venous pouch of 
the fi stula and will rarely be achieved via proximal embolization of its arterial 
feeders.        
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    Chapter 14   
 Preoperative Tumor Embolization 

             Ali     Hassoun     Turkmani      ,     Mark     Dannenbaum      , and     Peng     R.     Chen    

           Introduction 

 Egas Moniz fi rst performed cerebral angiography in 1927 and thus opened the 
door for the development of cerebral endovascular therapies [ 1 ]. Several years 
later, Brooks introduced a piece of muscle into the carotid artery intending to 
occlude a large carotid-cavernous fi stula [ 2 ], giving birth to the therapeutic angi-
ography. Luessenhop injected plastic beads in the internal carotid and vertebral 
arteries in an attempt to treat cerebral arteriovenous malformations [ 3 ]. In 1973, 
Djindjian et al. published a study of 50 cases of transfemoral, selective emboliza-
tions for a variety of intracranial pathologies [ 4 ]. In 1975, Hilal et al. published 
their experience with the embolization of head and neck tumors via common 
carotid artery direct puncture with the use of Silastic beads, gelatin foam, or liquid 
Silastic elastomers [ 5 ].  
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   Tool Review (See Chap.   1    ) 

   Embolisates 

 Various embolic agents have been described in the successful embolization of 
tumors. The selection of appropriate embolic materials depends on the target, size 
of the feeding arteries, blood fl ow pattern, and the presence of any potentially dan-
gerous anastomoses or collateral pathways [ 6 ]. Embolic agents can be grouped with 
regard to whether they are particles or liquid as well as whether they are temporary 
or permanent. Nonabsorbable materials, such as  N -butyl cyanoacrylate (NBCA; 
TRUFILL; Codman Neurovascular; Raynham, MA) and ethylene vinyl alcohol 
copolymer (Onyx; Covidien; Irvine, CA), achieve more durable occlusion than 
absorbable materials, such as Gelfoam, and are well suited for the treatment of vas-
cular lesions. For preoperative embolization of tumors, temporary, absorbable 
embolic agents are often less costly and are usually suffi cient [ 7 ]. Absorbable agents 
may also be preferable when there is high potential for emboli to migrate to nontar-
get vessels during embolization, such as in vessels with EC-IC anastomoses, or 
when the arteries that supply the vasa nervorum of the lower cranial nerves are 
embolized [ 7 ]. Particle size is another important consideration. It has been sug-
gested that particles of less than 100 μm should be avoided when the potential for 
dangerous EC-IC anastomoses or supply to the vasa nervorum exists.

•     Particle embolisates 

 –     Polyvinyl alcohol foam  
 Polyvinyl alcohol (PVA) foam is a sponge-like material formed when polyvi-
nyl alcohol is mixed with foaming agents and hardened with formaldehyde [ 8 ]. 
PVA particles are radiolucent and require the addition of contrast solution in 
order to be visualized. While PVA embolization is long lasting, it is not per-
manent, with degradation generally occurring within a few weeks after embo-
lization. It produces a vigorous infl ammatory response that facilitates vessel 
occlusion through progressive thrombosis [ 9 ]. This infl ammatory reaction 
may partially account for the associated peritumoral edema following PVA 
embolization.  

 –    Microspheres  
 Trisacryl gelatin microspheres (Embosphere Microspheres; Merit Medical; 
South Jordan, UT) are hydrophilic, nonabsorbable, collagen-coated embolic 
agents. The spherical and deformable nature of microspheres enables easy 
injection and helps prevent catheter occlusion, while facilitating more distal 
tumor penetration. Microspheres have a unique role in patients undergoing 
palliative embolization without subsequent surgery. This therapy is indicated 
for symptomatic control in patients who are not surgical candidates. In these 
patients, permanent devascularization with deeper penetration is desired in 
order to obtain tumor necrosis and thus arrest tumor growth [ 10 ].  
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 –    Cellulose beads  
 C-cellulose beads are uniform, nonabsorbable particles that carry a positive 
charge and have a specifi c gravity close to that of whole blood. Unlike PVA, 
cellulose beads do not readily initiate an infl ammatory reaction in the vessel 
wall but are thought to electrically promote thrombus formation, resulting in 
a more stable vessel occlusion [ 11 ].  

 –    Gelatin foam  
 Gelatin foam particles are absorbable, easy to handle, and quickly degraded 
by the body, permitting rapid recanalization. For this reason it has been sug-
gested that Gelfoam may be the embolic agent of choice whenever particle 
migration could result in nontarget embolization [ 7 ].     

•    Liquid embolisates  
 Liquid agents are not frequently utilized for embolizing intracranial meningiomas 
as they are associated with increased risk for embolization of nontarget  tissues 
and are often quite expensive to use [ 6 ].    Liquids embolisates can cross anasto-
motic channels and enter small nontarget arteries that are unseen during fl uoro-
scopic imaging [ 12 ]. They penetrate deeper into the vascular bed than particles 
and, thus, may be more effective than small particles at inducing tumor necrosis.

 –     TRUFILL  
 TRUFILL (NBCA) is a commonly used, highly occlusive and permanent, 
liquid glue embolisate that polymerizes immediately upon contact with blood. 
NBCA penetrates quickly and deeply into tumor vasculature [ 13 ]. The rela-
tively fast polymerization rate of NBCA can, however, increase the risk of 
catheter tip adherence to the vessel wall as well as the risk of occluding the 
feeding artery prematurely without nidal penetration.  

 –    Onyx  
 Onyx is a permanent, radiopaque liquid embolic agent. It is commercially 
available as ethylene vinyl copolymer and micronized tantalum powder sus-
pended in dimethyl sulfoxide. Onyx 18 and 34 are composed of 6 % and 8 % 
ethylene vinyl alcohol copolymer and 94 % and 92 % dimethyl sulfoxide 
(DMSO), respectively. When injected into blood, the DMSO diffuses out of 
the mixture and allows the copolymer to precipitate into a spongy embolus 
that is highly cohesive but not adhesive to the vessel wall or the microcatheter 
[ 14 ]. Onyx can be delivered more slowly and in a more controlled fashion 
than other liquid agents. This enables a longer working time and potentially 
deeper penetration of small- to medium-sized tumor vessels. The spongy 
composition of Onyx may also facilitate its handling during resection com-
pared with the rigid, infl exible casts formed by NBCA.  

 –    Fibrin glue  
 Fibrin glue is a radiopaque, liquid embolic material that has traditionally been 
used in various surgical fi elds for tissue sealing and hemostasis. Probst et al. 
embolized 80 patients with meningiomas using fi brin glue with good result 
and few complications [ 15 ].     
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•    Miscellaneous agents  
 A variety of other embolic agents have been utilized for tumor embolization, 
including homologous controlled-viscosity fi brin [ 16 ], microfi brillar collagen 
[ 17 ], lyophilized human dura mater [ 18 ], estrogen [ 19 ], and Silastic spheres [ 20 ]. 
More recently used agents include phenytoin [ 21 ], mannitol [ 22 ], and hydroxy-
apatite ceramics [ 23 ].      

   Provocative Testing (See Chap.   9    ) 

 Prior to embolization, pharmacological provocative testing with amobarbital and/or 
lidocaine has been described as a method for identifying the blood supply to brain 
regions and cranial nerves that are at risk for nontarget embolization [ 24 ].The devel-
opment of temporary defi cits in response to provocative testing suggests that there 
is the potential for ischemic complications if the catheterized vessel is embolized. 

 Amobarbital injection was fi rst described as a method to detect hemispheric 
dominance for language in epilepsy patient evaluation by Wada et al. [ 25 ]. 
Amobarbital is an intermediate-acting barbiturate and has generalized depressant 
effects on the central nervous system. Acting through the GABA receptor, it inhibits 
cortical neuronal activity, producing transient neurologic defi cits. For this reason, 
amobarbital may be useful for detection of direct supply and occult anastomoses to 
cerebral cortical structures [ 24 ]. 

 Intra-arterial injection of lidocaine represses excitation of nerve cell membranes 
by blocking voltage-gated sodium channels in both white and gray matters. Lidocaine 
may be better than amobarbital for eliciting central nervous system dysfunction 
through vascular infusion [ 26 ]. It carries a risk of seizures and cardiopulmonary 
arrest. A dual challenge provocation test of amobarbital (50 mg) followed by 2 % 
lidocaine (10 mg) in order to minimize the possibility of false-negative result has 
been described [ 24 ]. 

 In centers where the use of general anesthesia is preferred, provocative testing is 
necessarily precluded. For such cases, continuous neuromonitoring with 
somatosensory- evoked potentials and EEG is advocated [ 27 ]. 

 Mechanical provocative testing in which a vessel is temporarily occluded using 
a balloon is another way to predict whether occlusion of the vessels will have nega-
tive hemodynamic consequences that can result in ischemic injury. Balloon test 
occlusion is generally performed in a preoperative setting when it is anticipated that 
one of the vessels supplying the brain will be sacrifi ced. Adjunctive maneuvers 
including hypotensive challenge [ 28 ], neuropsychological testing [ 29 ], somatosen-
sory-evoked potentials [ 30 ], cerebral oximetry [ 31 ], and electroencephalography 
[ 32 ] may be considered to reduce the incidence of a false-negative result. In addi-
tion, the hemodynamic effects of occlusion can be assessed by measuring the stump 
pressure [ 69 ], angiographic control runs [ 33 ], transcranial Doppler [ 34 ], xenon 133 
imaging [ 35 ], xenon CT [ 36 ], CT perfusion [ 37 ], PET [ 38 ], SPECT [ 39 ], and MR 
perfusion [ 40 ].  
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   General Technique 

 A detailed cerebral angiogram that includes selective injections of the common 
carotid artery, internal carotid artery, external carotid artery, vertebral artery, and 
thyrocervical and costocervical trunks of the subclavian artery is fi rst performed. 
Once the hypervascularity of the tumor and need for preoperative embolization 
have been confi rmed, the patient is put under general anesthesia.    Access and guide 
catheter placement is accomplished in the usual manner. A microcatheter and a 
microwire are then used to select the fi rst vascular pedicle, and a microcatheter 
angiogram is performed to check for dangerous anastomoses between the ECA and 
ICA or vertebral arteries. The appropriate embolic agent is then injected using con-
stant fl uoroscopic monitoring, making sure to avoid refl ux of embolic material. 
Proximal occlusion of the arterial feeders is inadequate because it allows arterial 
collateralization, and the goal should be penetration to the arteriolar/capillary level. 
This can be accomplished through the use of PVA particles in 150–250 μm range. 
Liquid embolic agents (e.g., NBCA or EVOH) are preferred by some practitioner, 
especially when direct percutaneous puncture of tumors is planned. 

   Risks 

 The risks associated with tumor embolization are similar to those seen in the treat-
ment of epistaxis and include stroke due to refl ux of the embolic agent into the 
cerebral vasculature or transit through external to internal or external to vertebral 
artery connections. There is also risk associated with unintentional devasculariza-
tion of cranial nerves, skin, and mucosa. When large tumors are treated, periopera-
tive edema and mass effect may occur. This risk can be minimized through the 
judicious use of postoperative steroids and timing the embolization procedure in 
close proximity to surgical resection.   

   Neoplastic Vascular Lesions 

   Hemangioma 

 Infantile hemangiomas are congenital vascular tumors comprised of rapidly dividing 
endothelial cells affecting up to 10 % of population with a greater incidence in 
Caucasians, female patients, and premature and low-birth-weight infants [ 41 ].Capillary 
hemangiomas proliferate during the fi rst 9–12 months of life and subsequently involute 
at a variable course over many years [ 42 ]. The visible portion of hemangiomas on the 
skin often represents only an element of a larger subcutaneous component. The bright 
red discoloration is persistent until the onset of involution when resurfacing is observed 
as variable graying of the overlying skin. Rapid expansion can lead to adjacent skin 
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and soft tissue ischemia, necrosis, and ulceration. Ulceration and subsequent bleeding 
is common in watershed areas, such as the lip and ear, and will appear within the fi rst 
few months of life during the rapid growth phase [ 43 ]. 

 Conservative observation has been historically employed to allow the majority 
of lesions, in inconspicuous sites, to dissipate on their own. Medical and surgical 
therapies have been uncommon unless functional problems arose such as orbital 
obstruction, airway occlusion, and ulceration. Nonetheless, a recent paradigm shift 
in the management of these conditions has occurred. Many practitioners now advo-
cate early intervention to circumvent immanent aesthetic squeal from residual scar-
ring and fi brofatty distortion. Undisputed indications for treatment of hemangiomas 
still remain and include ulceration, bleeding, functional defi cits, and congestive 
heart failure with massive disease [ 44 ]. Historic treatment options for infantile hem-
angiomas include systemic or intralesional corticosteroids, chemotherapeutic agents 
(vincristine, alpha interferon), surgery, lasers, or a combination of these therapies. 
Recently, the identifi cation of orally administered propranolol as a novel therapy in 
hemangiomas has shed new light on their pathogenesis. The mechanism of pro-
pranolol, although controversial, in reducing or eliminating the hemangiomas seems 
to center around the control of cellular apoptosis [ 45 ].  

   Hemangioblastoma 

 Hemangioblastomas are highly vascular tumors of the central nervous system that 
have a predilection of the cerebellum. They may occur sporadically but also occur in 
the setting of genetic disorders such as von Hippel–Lindau syndrome. They occur 
more frequently in children and young adults. Resection may be curative but is com-
plicated by the potential for large volume blood loss. Effective preoperative emboliza-
tion with liquid embolic agents has been described in a variety of case reports [ 46 ,  47 ].  

   Meningioma 

 The blood supply to meningiomas is variable and is primarily dependent on the 
location of the tumor. The primary blood supply may be from the ECA, ICA, and/
or vertebral arteries. The more common arterial feeders include the MMA, the 
accessory meningeal artery, the ascending pharyngeal artery, and the occipital trans-
mastoid perforators of the ECA. Embolization exhibits the best risk–benefi t profi le 
when it is used for large tumors, primarily supplied by the ECA [ 7 ].

•     Anterior fossa and frontal meningiomas  
 The MMA and the falcine artery often supply high convexity and parasagittal 
lesions. The ethmoidal and anterior falcine arteries often supply fronto-polar and 
falcine tumors. The anterior and posterior ethmoidal branches of the ophthalmic 
artery typically feed olfactory groove meningiomas.  
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•    Middle fossa meningiomas  
 Branches from the external carotid artery including the artery of the foramen 
rotundum, the vidian artery, the ascending pharyngeal artery, the MMA, the 
accessory meningeal artery, and occipital transmastoid-perforating branches 
typically supply tumor of the middle fossa as well as branches of the petrous, 
cavernous, and supraclinoid segments of the ICA.     

   Illustrative Case 1 

 A 50-year-old female presented with a 3-month history of pulsatile tinnitus and a 
1-week history of headache, nausea, and vomiting. She was found on gadolinium- 
enhanced MRI to have an enhancing right temporal pole mass (Fig.  14.1a ). 
Angiography showed prominent tumor blush arising from the deep temporal 
branches of the internal maxillary artery (Fig.  14.1b, c ). Post-embolization (PVA 
particles) intraoperative MRI shows no further tumor enhancement (Fig.  14.1d ).

•      Posterior fossa meningioma  
 Posteromedially located posterior fossa meningioma often receives supply from 
meningeal branches of the vertebral arteries.    More laterally located posterior 
fossa meingiomas commonly receives supply from transmastoid branches of the 
occipital artery as well as contribution from the ascending pharyngeal artery. 
Preoperative embolization of meningioma feeding arteries is usually confi ned to 
large tumors with high vascularity. Evidence of reduction in perioperative trans-
fusion associated with embolization has been reported [ 48 ].     

   Juvenile Nasopharyngeal Angiofi broma 

 Juvenile nasopharyngeal angiofi broma (JNA) is a benign tumor that tends to bleed 
and occurs in the nasopharynx of prepubertal and adolescent males. It originates 
from the posterolateral nasopharynx in the pterygopalatine fossa and extends 
through the sphenopalatine foramen to involve both the pterygopalatine fossa and 
the posterior nasal cavity [ 49 ]. It may extend laterally through the pterygomaxillary 
fi ssure into the infratemporal fossa. Anterior bowing of the posterior wall of 
the maxillary antrum is a result of remodeling and expansion of the bony wall of the 
pterygopalatine fossa. Occasionally, the greater wing of the sphenoid may be eroded, 
exposing the middle fossa dura. Sphenoid sinus involvement through its ostium may 
afford access into the medial portion of the middle fossa. Orbital extension via the 
inferior orbital fi ssure may occur in approximately one third of the patients [ 50 ]. 

 Arterial supply for JNA arises initially from the pterygopalatine portion of the 
internal maxillary artery including the sphenopalatine, infraorbital, and descending 
palatine branches. Recruitment of adjacent vessels including the accessory meningeal, 
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ascending pharyngeal, and ascending palatine arteries is common with larger tumors. 
Pial supply from the ICA, although uncommon, may exist, refl ecting tumor extension 
into the anterior or middle fossa [ 51 ]. Bilateral blood supply is not uncommon, and 
when present, both branches should be embolized to prevent excessive hemorrhage at 
the time of resection [ 52 ]. 

 Complete surgical resection is the therapy of choice. Preoperative embolization 
of JNA has been shown to reduce both perioperative    blood loss and the duration of 
surgical resection [ 53 ]. Preoperative embolization has typically been performed via 
a transarterial route using a variety of embolic materials. 

 The JNA location and routes of extension mandate a particular attention to the 
possibility of orbital or intracranial anastomoses. Supply to cranial nerves is also of 

  Fig. 14.1    Gadolinium-enhanced axial image showing avid enhancement of a right middle fossa 
meningioma ( a ). Catheter angiography demonstrates a signifi cant tumor blush with microcatheter 
injection of the internal maxillary artery on anterior–posterior ( b ) and lateral ( c ) projections. No 
residual enhancement is seen on intraoperative gadolinium-enhanced MRI ( d )       
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concern when embolization is attempted for tumor involving the skull base [ 53 ]. 
Endoscopic assistance has been used for direct transnasal tumor puncture and intra-
tumoral embolization using the liquid embolic agent Onyx [ 54 ].  

   Illustrative Case 2: Juvenile Nasal Angiofi broma 

    A 22-year-old man who presented with recurrent epistaxis was found to have a right 
maxillary sinus mass on MRI (Fig.  14.2a ). A biopsy confi rmed the diagnosis of 
JNA. The patient underwent diagnostic angiography revealing splaying of the right 
internal maxillary artery and tumor blush (Fig.  14.2b ). The patient underwent suc-
cessful embolization with PVA particles (Fig.  14.2c, d ) followed by complete 
resection.

  Fig. 14.2    Gadolinium-enhanced sagittal MRI showing avid enhancement of a maxillary sinus 
juvenile nasal angiofi broma ( a ). Microcatheter injection of the internal maxillary artery demon-
strates signifi cant tumor blush ( b ) that was treated with particle embolization ( c ), resulting in 
elimination of the previously seen blush ( d )       
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      Glomus Tumors 

 Paragangliomas, also known as glomus tumors, are rare hypervascular neoplasms 
that arise from chemoreceptor organs derived from the neural crest [ 55 ].Carotid 
body location is the most common. Temporal bone paragangliomas are next in fre-
quency and include glomus tympanicum tumors that involve the middle ear and are 
associated with the tympanic branch of the glossopharyngeal nerve. The glomus 
jugulare tumors involve the jugular fossa and thought to originate from the chief cell 
located within the jugular bulb adventitia. Paraganglioma associated with the auric-
ular branch of the vagus nerve (glomus vagale) and those involving the larynx are 
less common [ 56 ]. 

 Glomus tumors are found most commonly in women during the fi fth and sixth 
decades. Wide age distribution is reported with earlier onset in familial cases. Due 
to the tumor’s slow growing nature, the clinical presentation is often indolent and 
delayed. Clinical manifestations are usually related to the location of the tumor 
and the infi ltration of adjacent structure. While the majority of paragangliomas 
show histological evidence of catecholamine production, clinical hypersecretion 
occurs in less than 5 % of cases. Hypersecretion of catecholamines can result in 
paroxysmal hypertension, headache, nausea, and excessive perspiration [ 57 ]. 

 CT scans of the skull base will usually demonstrate the extent of bone thinning 
or bone erosion around the mass lesion. MR images are the mainstay of noninvasive 
images and typically demonstrate the characteristic “salt-and-pepper” appearance of 
high-velocity fl ow voids within the tumor. Complete surgical resection, usually with 
preoperative embolization of major external carotid artery feeding arteries, is the 
mainstay of therapy [ 58 ]. Preoperative    embolization of the ECA supply usually 
gives the most favorable risk–benefi t ratio for the vast majority of paragangliomas 
of the head and neck [ 59 ]. Balloon occlusion testing of the ICA may be necessary 
when carotid encasement is present or carotid sacrifi ce is anticipated. Superselective 
angiography is important to delineate cranial nerve supply or dangerous anastomo-
ses with the intracranial circulation. Jugulotympanic paragangliomas receive major 
supply from ascending pharyngeal artery. Middle ear paragangliomas receive their 
blood supply from the inferior tympanic branch while the neuromeningeal branch 
supplies both the jugular fossa and hypoglossal canal. Additional ECA supply from 
the temporal branch of the middle meningeal artery, transmastoid branches of the 
occipital artery, or extradural ICA (caroticotympanic or cavernous branches) may 
contribute to the tumor blood supply. The musculospinal    branches of the ascending 
pharyngeal artery supply vagal paraganglioma inferior to the skull base [ 60 ].  

   Hemangiopericytoma 

 The term hemangiopericytoma (HPC) was fi rst described by Stout and Murray in 1942 
as a distinct neoplasm of pericytic origin. The cell of origin is believed to be the peri-
cyte of Zimmerman, a modifi ed smooth muscle cell that is found in the capillary wall. 
Up to 25 % of HPCs involve the head and neck with the sinonasal region being the 
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most common location [ 61 ]. HPC intracranial involvement should be considered in the 
differential diagnosis of tumors involving the dura. They are most often supratentorial 
although posterior fossa location has been reported [ 62 ]. 

 Typically presenting in the fi fth and sixth decade of life, the tumor has been 
found in all age groups and affects both sex equally. Despite an apparently benign 
initial presentation, a propensity for local aggressiveness and metastases frequently 
characterizes HPC, leading to signifi cant mortality rates [ 63 ]. 

 Angiography often demonstrates high vascularity and may be considered when 
HPC is a differential consideration. Preoperative embolization has been recom-
mended to aid in achieving a gross total resection [ 64 ].  

   Endolymphatic Sac Tumors 

 Endolymphatic sac tumors, fi rst described in 1989 by Heffner et al., are rare lesions 
affecting females more commonly than males with a mean age of symptom onset in 
the fourth decade [ 65 ].They most often occur sporadically; nevertheless, they have 
also been described as a component of von Hippel–Lindau syndrome. 

 The tumors arise from the endolymphatic sac that is located in the bony vestibu-
lar aqueduct. It communicates with the endolymphic    duct that in turn joins the utric-
ular and saccular ducts. It is believed to be involved in the regulation of endolymphatic 
fl uid volume [ 66 ]. 

 CT scan will demonstrate an expansive, erosive soft tissue mass involving 
the temporal bone adjacent to the vestibular aqueduct. MR typically demonstrates a 
heterogeneous signal as a result from component of hemorrhage, cyst, residual 
bone, and cholesterol granuloma. Flow voids may be present suggesting high vas-
cular fl ow [ 67 ]. 

 The vascular nature of the neoplasm has led to the recommendations for preop-
erative embolization to aid in surgical resection [ 68 ].      
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           Cerebral Aneurysm 

   Introduction 

 Cerebral aneurysms are localized abnormal dilatation of the cerebral artery resulted 
from weakening of the vascular wall. Cerebral aneurysms most commonly involve 
the branching points of the major arteries at the skull base [ 1 ]. The overall preva-
lence of intracranial aneurysm varies from 0.8 to 6 % [ 1 – 4 ]. The majority of cere-
bral aneurysms remain unruptured with an average annual rate of rupture of 
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approximately 1.3 %; patient age, smoking, and size of aneurysm are important risk 
factors for rupture [ 5 ,  6 ]. The annual rate of rupture increases to 3–8 % for aneu-
rysms greater than 10 mm in diameter [ 7 ].  

   Clinical Manifestations 

 The ocular manifestations of cerebral aneurysms occur primarily in three different 
ways: (1) visual loss as a result of retinal/vitreal hemorrhage associated with subarach-
noid hemorrhage, also called Terson syndrome, (2) visual fi eld defects caused by 
aneurysmal compression of the anterior visual pathways, and (3) diplopia and ocular 
motility defi cits caused by aneurysmal compression on the cranial nerves [ 8 – 10 ]. 
Other rare ocular manifestations have been reported, as a result of either the cerebral 
aneurysm or its related intervention, such as retinal arterial emboli [ 11 ], orbital com-
partment syndrome and blindness [ 12 ], and internuclear ophthalmoplegia [ 13 ]. 

 Terson syndrome manifests as bleeding in the retina, subhyaloid space, and vitre-
ous and occurs in more than 30 % of patients who survive subarachnoid hemorrhage 
[ 14 ]. The mechanism of intraocular bleeding is postulated to be rupture of the fi ne 
papillary and retinal capillaries when central retinal venous stasis develops as a 
result of suddenly elevated intracranial pressure from subarachnoid hemorrhage. 
Terson syndrome commonly affects both eyes, and severity of the visual loss 
depends on the extent of the bleeding and its relative location to the retina (Fig.  15.1 ). 
The visual outcome in Terson syndrome is usually favorable; complete visual recov-
ery occurs within 12 months once the blood is reabsorbed. However, presence 
of Terson syndrome may predict poorer neurologic outcome from subarachnoid 
hemorrhage [ 15 ].

   The intimate relationship between the anterior visual pathways and the circle of 
Willis makes visual loss a frequent presenting symptom of cerebral aneurysms. 
Cerebral aneurysms arising from intracranial carotid artery, middle cerebral artery, 
and anterior communicating arteries are more likely associated with visual loss 
than aneurysms arising from basilar and posterior communicating aneurysms [ 9 ]. 
Involvement of the optic nerve gives rise to decreased central vision and optic atro-
phy. Compression of the optic chiasm results in bitemporal fi eld defects. Aneurysms 
growing posteriorly may cause homonymous hemianopia from involvement of the 
optic tract. Ophthalmic and supraclinoid segment carotid aneurysms constitute less 
than 10 % of all cerebral aneurysms [ 6 ,  16 ]. They may present with headache, 
orbital pain, and visual loss by compression and without rupture. Middle cerebral 
artery and anterior communicating artery aneurysms account for nearly half of all 
cerebral aneurysms. They tend to rupture and present with subarachnoid hemor-
rhage before enlarging suffi ciently to affect visual function [ 17 ]. 

 Diplopia and ocular motility abnormalities are commonly associated with aneu-
rysms arising from    carotid-cavernous segment, posterior communicating, and basilar 
arteries [ 18 ]. Posterior communicating artery aneurysm is a frequent cause of third 
nerve palsy, which presents with a symptom complex of ptosis, fi xed and dilated 
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pupil, and the so-called down and out eye [ 19 ]. The pupil reactivity to light stimulus 
should be meticulously examined to help differentiate aneurysmal compression 
from an ischemic third nerve palsy. A complete third nerve palsy that spares the 
pupil is due to an ischemic third nerve palsy, while pupil involvement in combina-
tion with either a complete or an incomplete third nerve palsy raises a high suspi-
cion for aneurysmal compression. An incomplete third nerve palsy without pupil 
involvement warrants close observation over the following 1 week for development 
of pupil abnormalities. Aneurysms within the cavernous sinus can affect the multi-
ple cranial nerves that travel through cavernous sinus; the ocular motor abnormali-
ties are sometimes associated with decreased sensation or pain along the V1 and 
V2 distributions of the trigeminal nerve [ 10 ]. Carotid-cavernous aneurysm may 
occasionally present with a sixth nerve palsy in combination with Horner syndrome, 
localizing the lesion to the cavernous sinus. Basilar aneurysms, while less common, 
constitute the majority of the cerebral aneurysms arising within the posterior fossa. 
Basilar artery aneurysms may cause diplopia via third, fourth, and sixth nerve 
involvement, skew deviation, and gaze palsy secondary to aneurysmal compression 
of the midbrain and pons. Basilar artery aneurysms can also cause homonymous 
visual fi eld loss due to thromboembolic infarction to the occipital lobe [ 18 ]. 

 The radiographic features and endovascular intervention for cerebral aneurysm 
are described in Chaps.   10     and   11    .   

  Fig. 15.1    Retinal and subhyaloid hemorrhage in a patient with Terson syndrome as result of a 
ruptured middle cerebral artery aneurysm. Note typical appearance of triangular-shaped hemor-
rhage to subhyaloid space in inferior retina       
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   Carotid-Cavernous Fistula 

   Introduction 

 The cavernous sinuses are a pair of cerebral venous sinuses located at the center of 
the skull base lateral to each side of the sella turcica (Fig.  15.2 ). They are bordered 
by the sphenoid and temporal bones. The cavernous sinus collects venous blood 
drained from the eye and orbit through the superior and inferior ophthalmic veins 
and then drains posteriorly to the internal jugular vein through the superior and 
inferior petrosal sinuses and the transverse sinus [ 20 ]. A number of cranial nerves 
and intracranial vessels travel through the cavernous sinus.    The cavernous segment 
of the internal carotid artery is located in the medial aspect of the cavernous sinus 
and is surrounded by oculosympathetic fi bers that form a fi ne plexus. Immediately 
lateral to the internal carotid artery is the sixth cranial nerve. The third and fourth 
cranial nerves and the fi rst and second divisions of the trigeminal nerve (ophthalmic 
and maxillary nerve, respectively) travel along the lateral border of the cavernous 
sinus. The pituitary gland is located in the sella turcica between the pair of cavern-
ous sinuses.

Optic chiasm

Internal carotid a.

Diaphragma sellae

Oculomotor (III) n.

Trochlear (IV) n.

Internal carotid a.

Abducens (VI) n.

Ophthalmic n.

Cavernous sinus

Pituitary gland

Maxillary n.

  Fig. 15.2    Coronal view of the cavernous sinus demonstrating the passage of the third, fourth, fi fth, 
and sixth cranial nerves and internal carotid artery inside the cavernous sinuses (permission from 
Netter’s production)       
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   Carotid-cavernous fi stula (CCF) is an abnormal communication between the 
cavernous sinus and the carotid arterial system. Meningeal branches arising from 
the internal carotid artery, external carotid artery, or both supply the dural sheath 
and anatomical structures contained in the cavernous sinus. When there is a breach 
in either the main trunk of the cavernous segment of the internal carotid artery or 
the meningeal branches from the internal or external carotid artery, an abnormal 
communication develops between the arterial and venous circulation [ 21 ]. 
Communication between the arterial and venous system results in elevated venous 
pressure thus elevated venous outfl ow resistance. Functional obstruction of the 
venous drainage from the eye and orbit ensues. The classifi cation of CCF is based 
on anatomy (direct vs. indirect), cause (traumatic vs. spontaneous), or hemody-
namic status (high fl ow vs. low fl ow). Each type of CCF is associated with specifi c 
clinical manifestations, treatment strategies, and outcomes. The most commonly 
used dichotomies in CCF classifi cation are (1)  direct CCF  formed by direct connec-
tion between the cavernous segment of the internal carotid artery and cavernous 
sinus and (2)  indirect CCF  caused by a communication between the branches of the 
internal or external carotid arteries and the cavernous sinus.  

   Clinical Manifestation 

  A direct CCF  is caused by a tear in the intra-cavernous segment of the internal carotid 
artery, usually in the setting of trauma, although in a small proportion of patients, it 
may occur spontaneously [ 22 – 26 ]. Direct CCF tends to affect younger patients and 
men are affected more than women, refl ecting the higher incidence of trauma in these 
groups. The classic triad of proptosis, conjunctival chemosis, and orbital bruit is 
consequence of signifi cantly elevated venous pressure in the superior ophthalmic 
vein and cavernous sinus system [ 26 – 28 ]. Typical ocular fi ndings are prominent pro-
ptosis, chemosis, hyperemia, and irritating periorbital pain or headache. Elevated 
intraocular pressure and secondary glaucoma are caused by increased episcleral 
pressure and vortex venous pressure, anterior shift of the lens- iris diaphragm, as well 
as neovascular glaucoma secondary to ocular ischemia [ 24 ]. Ophthalmoplegia can be 
a consequence of either edema of the extraocular muscles or damage to the cranial 
nerves as they travel through the cavernous sinus. Vision loss is common and is usu-
ally severe in direct CCF, caused by exposure keratopathy, glaucoma, ischemia of the 
optic nerve, or coexisting traumatic optic neuropathy [ 29 ]. 

 In contrast to direct CCF, indirect CCFs usually have a spontaneous onset and 
are slowly progressive. A history of minor trauma is reported in a small group of 
patients. When compared to direct CCF, indirect CCF tends to occur in an older age 
group (mean from 50 to 69 years of age), and women constitute 60–90 % of all 
indirect CCF cases. Vascular changes in a variety of systemic conditions such as 
postmenopausal hormonal changes, pregnancy, hypertension, and atherosclerosis 
are hypothesized to predispose patients to the development of indirect CCFs [ 27 , 
 28 ,  30 ,  31 ]. 
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 Clinical manifestations of indirect CCFs include red eye, discomfort, ocular 
hypertension, or diplopia. Eye fi ndings include engorged, “corkscrew” episcleral 
vessels from arterialized venous blood, ocular hypertension, and ophthalmoparesis. 
Less common presentations of indirect CCFs include headache, pulse-synchronous 
tinnitus, vision loss, and venous retinopathy [ 26 ,  27 ,  30 ,  32 – 47 ]. When indirect 
CCFs drain posteriorly to the superior or inferior petrosal sinuses, they may be 
asymptomatic or manifest as isolated cranial nerve palsies; symptoms and signs of 
orbital congestion become noticeable when indirect CCFs change its drainage from 
posterior to anterior draining indirect CCFs [ 48 – 51 ]. 

 Importantly, signifi cantly elevated venous pressure in the cavernous sinus may 
be transmitted retrograde to the cortical veins (cortical venous drainage), resulting 
in hemorrhagic venous infarction. Cortical venous drainage may lead to severe neu-
rological dysfunction such as hemimotor or hemisensory defi cits, necessitating 
prompt intervention to close the arterial venous shunt. Among various clinical man-
ifestations, the presence of bilateral orbital signs and a postauricular bruit was found 
to have the most predictive value of cortical venous drainage [ 52 ].  

   Radiographic Features 

 The most prominent radiographic feature of direct CCF and indirect CCFs on com-
puted tomography (CT) or magnetic resonance imaging (MRI) is a dilated superior 
ophthalmic vein, although enlargement of the EOMs, abnormal cavernous sinus 
fl ow voids, and sometimes engorgement of the cavernous sinus with a convexity of 
the lateral wall can also be observed [ 53 ,  54 ]. Orbital ultrasonography may also 
provide sensitive and reliable measurement by demonstrating dilatation of the supe-
rior ophthalmic vein and enlargement of the EOMs [ 55 ]. A high index of suspicion 
should be maintained in patients with symptomatology as above and a prompt imag-
ing study of the brain and orbit using CT or magnetic resonance tomography done 
for screening. Catheter angiography remains the only defi nitive study to confi rm or 
eliminate the diagnosis. Dural AVFs can be very diffi cult to diagnose with noninva-
sive imaging and sometimes is recognized only on catheter angiography.  

   Management of CCF 

 Spontaneous resolution of indirect CCFs has been reported in 20–60 % of indirect 
CCFs in the literature [ 28 ,  31 ,  37 ,  39 ,  56 ]. A nonsurgical management of indirect 
CCFs is carotid-jugular compression. The compression entails intermittent, seconds 
to a few minutes of compression of the ipsilateral cervical carotid artery and internal 
jugular vein using the contralateral hand for a period of a few weeks to a couple of 
months [ 26 ,  39 ,  57 ]. This maneuver should be considered in patients whose symp-
toms are too mild to warrant immediate surgical intervention or in those whose age 
or systemic comorbidities predispose them to higher surgical complications.   
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   Endovascular Treatment 

 Although a conservative approach has been advocated for direct carotid-cavernous 
fi stulas when there is no rapidly progressive visual deterioration or cerebral isch-
emia, intermittent compression of the jugular and carotid artery is very unlikely to 
be effective. Resolution without recurrence has been described in only 17 % of 
attempted cases [ 57 ]. 

 Conversely, indirect carotid-cavernous fi stulas commonly develop insidiously, 
and a conservative approach might be appropriate. Approximately 30–36 % of indi-
rect (or “dural”) CCFs may heal with conservative treatment utilizing manual exter-
nal compression of the carotid artery and jugular vein [ 57 ,  58 ]. Close follow-up may 
be indicated to evaluate for the development of cortical venous drainage (which is 
correlated with higher risk of development of hemorrhagic complications or venous 
infarcts) [ 59 ]. Indications for treatment include persistently elevated intraocular 
pressure, visual deterioration, malignant proptosis, symptomatic ocular deviation, 
exposure keratopathy, severe pain, intolerable bruit, and/or diplopia. 

 Endovascular intervention has replaced intracranial surgery and is the treatment 
of choice when intervention is indicated. Endovascular treatment is typically the 
fi rst-line approach for direct carotid-cavernous fi stulas [ 60 ]. Compared to carotid 
artery surgery (trapping or ligation), endovascular intervention has signifi cant lower 
risk of complications. The objective of the endovascular treatment is to eliminate 
the arteriovenous carotid-cavernous shunting. This leads to normalization of the 
venous pressures, reversing the ophthalmic and leptomeningeal venous retrograde 
fl ow and engorgement, as well as symptoms related to vascular steal. 

 The evaluation for feeding pedicles during catheter-based angiography is made 
through bilateral common, internal, and external carotid artery iodinated contrast 
injections. The endovascular therapy aiming to obliterate the fi stulous connections 
may be performed through either trans-arterial or transvenous routes, and it is based 
on the arterial and venous angioarchitecture and fl ow patterns. 

 In indirect CCFs, trans-arterial embolization is technically diffi cult due to the 
small size and multiplicity of feeders. Therefore, transvenous embolization of CCF 
is the preferred approach for indirect CCFs. The cure rates have been reported 
between 70 and 90 %, with complication rates ranging between 2.3 and 5 % [ 60 ]. 
Technically, central venous access (femoral vein or internal jugular puncture) is 
obtained and followed by the introduction of a short vascular sheath. A 6-French 
guide catheter is introduced commonly through the common femoral vein and navi-
gated into the distal internal jugular vein (sometimes directly into the internal jugu-
lar vein) and then into the jugular bulb, where a retrograde venogram is performed. 
The inferior petrosal sinus (IPS) may opacify and will constitute the path to reach 
the cavernous sinus. If the fi stulous fl ow is high, the retrograde venogram may not 
opacify the IPS or any other cavernous sinus draining vein (such as the superior 
petrosal sinus). Therefore, a second diagnostic catheter (via a groin arterial punc-
ture) is positioned in the common carotid artery ipsilateral to the side where the 
main arteriovenous shunting is present. This allows delineation of the venous out-
lets, which will fi ll early in the arterial phase, and guides the catheterization of the 
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cavernous sinus under overlay technique or venous-phase road mapping. It also 
allows intermittent arterial runs to evaluate for resolution of the arteriovenous shunt-
ing during embolization. As stated, the cavernous sinus is most commonly accessed 
through the IPS, utilizing a microcatheter that is navigated from the catheter previ-
ously positioned in the jugular bulb. However, at times the IPS may be either throm-
bosed or composed of a plexiform structure. The contralateral IPS can be cannulated 
and the microcatheter navigated through the contralateral cavernous sinus, across 
the intercavernous sinus, and into the targeted side. Other endovenous route options 
are available and include catheterization of the superior petrosal sinus or the facial 
vein takeoff from the internal jugular vein (which leads to the angular vein, and then 
into the superior ophthalmic vein, and fi nally into the cavernous sinus). 

 If the aforementioned routes are technically challenging, the arterialized superior 
ophthalmic vein (if dilated) can be directly accessed via an eyelid or eyebrow inci-
sion, with subsequent dissection of the orbicularis oculi muscle, orbital septum, and 
fat until an arterialized venous branch is noted. The branch is followed proximally 
until the main trunk is found. A small incision is made, a J wire is inserted, and a 
4-French pediatric short sheath (or a micropuncture sheath) is advanced. A gentle 
intraoperative angiogram is performed through the sheath to confi rm the proper 
positioning [ 61 ]. 

 Another, less studied, option involves percutaneous transorbital puncture leading 
to the catheterization of the superior or inferior ophthalmic veins or the cavernous 
sinus directly [ 61 ]. 

 Regardless of the access route, the technique, the microcatheter is optimally 
positioned within the cavernous sinus (typically more anteriorly, close to the proxi-
mal aspect of the superior ophthalmic vein) and embolization can ensue. Commonly 
used options are coiling and/or embolization with ethylene vinyl alcohol copolymer 
(Onyx). The sinus is fi lled with coils and/or liquid embolics until there is complete 
distribution of the embolic material within the cavernous cavity, and no early venous 
drainage is observed through arterial runs. Ocular symptoms tend to improve over 
the following hours.    Paradoxical worsening of the symptoms has been described by 
tend to be transient [ 62 ]. Coil overpacking or direct liquid embolic local effects on 
nerves may generate posttreatment cranial nerve defi cits (which commonly improve) 
[ 43 ]. Reported endovascular cure rates for indirect CCFs range around 70–90 %, 
with complication rates of 2.3–5 % [ 41 ,  60 ]. Radiosurgery has been demonstrated 
in small series to be effective; however, the latency period for the obliteration of the 
fi stula is typically of several months. It may have an important role for incompletely 
treated indirect fi stulas [ 60 ,  63 ]. 

 In direct CCFs, trans-arterial embolization with different materials is generally 
needed. A guide catheter is advanced into the ICA, and a microcatheter navigated 
from the arterial side navigated across the cavernous carotid arterial tear into the 
cavernous sinus. We favor fi lling of the cavernous sinus initially with coils in order 
to slow fl ow. Subsequently, ethylene vinyl alcohol copolymer (or  N -butyl cyanoacry-
late) may be injected to fi ll the remaining space. The major concern is that once the 
embolic material starts fi lling the cavernous sinus—which surrounds the ICA— 
visualization of the tear becomes diffi cult, and protrusion of the coils or regurgitation 
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of embolic agent from the cavernous sinus back into the ICA may occur  inadvertently. 
Therefore, extreme caution is required. Some operators advocate infl ation of a com-
pliant balloon in the ICA across the tear during embolization to avoid unintentional 
ICA embolization. Transvenous    embolization may be performed; however, it is not 
preferred due to the risks of herniation of embolic material into the ICA. For    direct 
CCFs, overall endovascular occlusion rates have been reported to be between 55 and 
99 %, and the morbidity was described to be as high as 10–40 % [ 60 ]. Newer but less 
studied techniques include covered stents that obliterate the fi stula through a direct 
physical barrier [ 60 ,  64 ]. 

   Illustrative Case 1 

 A 60-year-old man presented with chemosis and increased intraocular pressures 
involving the left eye. Conventional angiography confi rmed an indirect CCF, fed by 
bilateral internal and external carotid arteries (Fig.  15.3a, b ). The cavernous sinus 
and the arterialized superior ophthalmic veins were clearly demonstrated 
(Fig.  15.3b ). Although the inferior petrosal sinuses could not be visualized, the 
facial vein was clearly delineated (Fig.  15.3c ). The microcatheter was advanced into 
the cavernous sinus through the facial vein (Fig.  15.3d ), and Onyx was carefully 
injected. The left cavernous sinus was fi lled with the liquid embolic, and the fi stu-
lous point obliterated (Fig.  15.3e, f ).

       Idiopathic Intracranial Hypertension 

   Introduction 

 Idiopathic intracranial hypertension (IIH), also called pseudotumor cerebri or benign 
intracranial hypertension, refers to a condition of elevated intracranial pressure unre-
lated to a space-occupying lesion, cerebral venous thrombosis, meningitis, or hydro-
cephalus. IIH has a predilection for obese women of child-bearing age, although it 
can occur in children, at older age, and in males [ 65 – 68 ]. IIH has been associated 
with a variety of medications including antibiotics (tetracycline, minocycline, doxy-
cycline, and nalidixic acid), growth hormone, lithium, retinoids (both topical and 
oral), Lupron, Norplant, and cyclosporine. Obstructive sleep apnea and recent weight 
gain may also contribute to an elevated intracranial pressure [ 69 ]. 

 A number of mechanisms are thought to contribute to the development of IIH, 
including increased cerebrospinal fl uid production, reduced cerebrospinal fl uid 
absorption, the infl uence of hormones, abnormal vitamin A metabolism, as well as 
elevated cerebral venous pressure. The role of elevated intracranial dural venous 
pressure in the pathophysiology of IIH has gained increasing attention, as a poten-
tially treatable cause of IIH. Although stenosis of the transverse and sigmoid sinus 
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is a common radiographic fi nding in IIH [ 70 ], it is unclear whether dural sinus 
 stenosis is a cause of elevated intracranial pressure or a consequence of chronic 
compression of dural venous sinuses from persistently elevated intracranial pres-
sure. Regardless of the etiology, increased resistance in cerebral venous outfl ow 
seems to be the common fi nal pathway in the pathophysiology of IIH, suggested 
by elevated manometry measurements of the pre-stenotic vs. poststenotic pressure 
gradient [ 71 – 83 ].  

   Clinical Manifestation 

 The typical presentation of IIH includes headache, pulse-synchronous tinnitus, with 
varying degrees of vision loss, and papilledema. Headache occurs in about 90 % of 
IIH patients [ 84 ]. Pain in a nerve root distribution or retro-ocular pain with eye 
movement was found to be more specifi c, while all types of headaches can be seen 
[ 85 ,  86 ]. Pulse-synchronous tinnitus, described as a “whooshing” sound synchro-
nized with the heart beat, is more specifi c for IIH if present. Patients may complain 
of transient visual obscurations and episodic and severe vision loss in both eyes last-
ing for seconds with complete recovery usually associated with activities that 
increase central venous pressure (such as Valsalva maneuver) or decrease systemic 
perfusion pressure (transition from supine or sitting to the upright position). 
   Papilledema, manifested as hyperemia and elevation of the optic disc, engorgement 
of the central retinal veins, and obscuration of the central retinal vessels on the disc 
often with disc hemorrhage and exudates, is usually bilateral and symmetrical 
(Fig.  15.4 ). Most patients with IIH have mild vision loss that is reversible after 
appropriate treatment, although permanent vision loss can occur in about 25 % of 
patients [ 86 ]. A small proportion of patients (2–3 %) with IIH present with fulminant 
visual loss over days [ 87 ], necessitating aggressive intervention to salvage vision.

      Investigation and Diagnosis 

 The diagnostic criteria of IIH was created by Dandy in 1937 and was last formu-
lated by Friedman in 2002 [ 88 ]. The modifi ed diagnostic criteria emphasize a nor-
mal cerebrospinal fl uid composition as well as brain imaging study using MRI and 
MR venography (MRV) to rule out intracranial pathologies that may cause second-
ary intracranial hypertension. Typical symptoms of headache, pulse-synchronous 
tinnitus, and papilledema in overweight patients in the right demographic group 
make the diagnosis predictable. Diagnostic procedures include MRI and MRV of 
the brain and a lumbar puncture. Lumbar puncture provides information about the 
opening pressure as well as cerebrospinal fl uid profi le; the latter is essential in 
excluding secondary causes such as infl ammation or infection. When performed 
without anesthesia with patients lying in the lateral decubitus position, the intra-
cranial pressure in normal adults ranges from 100 to 250 mmH2O [ 88 ,  89 ]. 
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MRI and MRV of the brain provide information to rule out intracranial pathologies 
such as space-occupying lesions, hydrocephalus, Chiari malformation, and cerebral 
venous thrombosis. The radiographic fi ndings suggesting IIH include posterior 
globe fl attening, optic nerve sheath distension, and an empty sella [ 90 ]. One study 
using a specially designed MRV protocol found stenosis in the transverse and 
 sigmoid sinuses to be both sensitive and specifi c for IIH [ 70 ].  

  Fig. 15.4    Bilateral papilledema in a 26-year-old lady with a concurrent right sixth nerve palsy. 
Note the elevation of the optic disc, engorgement of the central retinal veins, and obscuration of the 
retina vessels both on the disc and as the vessels exit the disc margin ( top ). There are disc hemor-
rhages in the left eye. There are nerve fi ber layer infarcts refl ected by the white areas ( arrows ). The 
patient’s visual acuity was 20/40 in the right eye and 20/60 in the left eye. The patient had been on 
oral minocycline for 2 months for acne treatment prior to presentation. Minocycline was discon-
tinued and she was given acetazolamide 500 mg twice daily. One month later, both six nerve palsy 
and papilledema improved ( bottom )       
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   Management 

 The severity of the vision loss in patients with IIH is the main determinant for 
 treatment strategy. Treatment of patients with severe headache but intact visual 
function and mild papilledema is more variable across practitioners. Lumbar punc-
ture, while serving as one of the mainstays of diagnosis, sometimes results in relief 
of headache for a prolonged period of time [ 91 ]. 

    Weight loss serves as an important step in the management of IIH, and successful 
reduction of body weight of 5–15 % may have a signifi cant impact on the evolution 
of both headache and papilledema [ 92 ,  93 ]. Pharmacologic treatment commonly 
includes carbonic anhydrase inhibitor and topiramate, or methazolamide or furose-
mide can be used when acetazolamide is poorly tolerated [ 94 ]. One must be aware 
that patients diagnosed with IIH may suffer from a headache disorder above and 
beyond that related to the elevated intracranial pressure, given the high predilection 
of headache disorder in the same demographic population. 

 When there is imminent visual loss, surgical intervention may be required. Optic 
nerve sheath fenestration creates a window or multiple slits on the intraorbital seg-
ment of the optic nerve sheath behind the globe to release cerebrospinal pressure 
[ 95 ]. Optic nerve sheath fenestration is generally regarded as a low-risk procedure, 
although serious complication may rarely occur such as central retinal artery occlu-
sion, resulting in profound loss of vision. Lumboperitoneal and ventriculoperitoneal 
shunts divert cerebrospinal fl uid from the spinal canal or cerebral ventricle into the 
abdomen via a catheter to lower the intracranial pressure. This allows treatment 
of both the papilledema and headache and leads to stabilization or improvement of 
visual acuity in a suboptimal proportion of patients. However, revision surgery is 
frequently necessary, and other complications (as low-pressure headache, infection, 
arachnoiditis of nerve roots) might develop [ 96 ,  97 ]. Cerebral shunting procedures 
are generally reserved as a last measure when other treatments have failed to halt 
progression of vision loss, or if there is a sign of rapid, fulminant vision loss at 
 initial presentation.   

   Endovascular Treatment 

 The established surgical methods of treatment of idiopathic intracranial hyperten-
sion have limitations. As discussed, lumbar or ventriculoperitoneal shunting typi-
cally leads to stabilization or improvement of vision acuity in a proportion of 
patients, but revisional surgery is frequently necessary, and other complications 
(aforementioned) might develop. Likewise, optic nerve fenestration has been asso-
ciated with deterioration of visual function years after an initial period of stabiliza-
tion. Moreover, it does not treat the underlying mechanism that leads to headaches 
and tinnitus [ 98 ,  99 ]. 
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 Venous sinus stenting is an endovascular treatment option for IIH. Although a 
causal link between transverse-sigmoid venous sinus stenosis and IHH has never 
been defi nitively established, this abnormality is clearly more common in individu-
als with IHH than controls. Patients with IHH have been described to have substan-
tial bilateral sinovenous stenoses in 27 of 29 (93 %) patients with IIH versus 4 of 59 
(6 %) in control patients by MR gadolinium-enhanced venography [ 70 ]. Furthermore, 
signifi cant pressure gradients have been demonstrated by direct venous manometry 
in patients with IHH and transverse-sigmoid junction stenosis: venous hypertension 
in the superior sagittal/transverse sinuses with a signifi cant drop in venous pressures 
at pre-stenotic more caudal levels (sigmoid sinus/jugular bulb) [ 76 ]. Mounting evi-
dence indicates that stenting of the stenotic dural venous sinus maintaining the 
drainage system fully patent is an effective approach for selected patients. 

 A systematic review published in 2010 included 40 stented individuals and had 
follow-up ranging from 4 to 60 months. Resolution or improvement was observed 
in 75 % of the cases with papilledema and in 82 % of the cases with headaches. Two 
patients required thrombolysis for in-stent thrombosis; however, the pre-procedural 
antiplatelet regimen was not clearly described; there were no reported cases of 
 in- stent stenosis [ 72 ]. 

 A recent series of 18 patients revealed 100 % technical success and similar rates 
of headache improvement/resolution; however, no formal ophthalmological follow-
 up data was available [ 100 ]. 

 Another study of 52 patients revealed resolution of papilledema in 100 % of 
cases and of headaches in 84 %. In 12 % of patients, stenosis of adjacent stent 
 segments was observed and required re-stenting [ 101 ]. 

 The most recent published series included 15 cases, with a mean clinical follow-
 up of 14 months. Stents were unilaterally deployed in 87 % of cases, leading to 
improvement of papilledema in 100 % of cases, of headaches in 67 %, and of tinnitus 
in 79 % of patients. In regard to visual acuity, 93 % improved or stabilized, while 
7 % worsened despite resolution of papilledema (which was posited to relate to sus-
tained compression prior to stenting) [ 99 ]. Other rare but reported complications 
include stent migration and venous sinus perforation. 

   Procedural Steps 

 The fi rst step in endovascular treatment involved angiographic confi rmation of dural 
sinus stenosis and measurement of the transstenotic pressure gradient (typically ≥8 
or 10 mmHg is considered clinically signifi cant [ 99 ,  101 ]) between the superior 
sagittal sinus and the internal jugular bulb. A diagnostic catheter is advanced into 
the internal carotid artery ipsilateral to the suspected transverse-sigmoid stenosis. 
This allows robust opacifi cation of the sagittal and transverse sinuses. Central 
venous access (femoral vein or internal jugular puncture) is obtained and followed 
by the introduction of a short vascular sheath. A 6-French guide catheter may be 
navigated into the jugular bulb. A retrograde venogram is performed, which should 
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opacify the venous sinuses. Under road map guidance, a microcatheter (such as a 
0.027″)/microwire (0.016″) system is advanced into the superior sagittal sinus. The 
microwire is retracted and the microcatheter connected to a pressure transducer, and 
pressure is measured. The microcatheter is gently pulled into the torcula, distal 
transverse sinus, proximal transverse sinus, sigmoid sinus, and jugular bulb, and 
serial measurements are recorded. 

 Guide catheter navigation and venous sinus stretching during angioplasty and 
balloon infl ation are very painful, and therefore, general anesthesia is required. 
Patients must be pretreated with aspirin and clopidogrel (3–5 days of 75 mg nightly 
or a 300 mg loading doses 24 h prior to stenting). Intraprocedurally, therapeutic 
heparin anticoagulation (ACT > 250s) is recommended. Via an ipsilateral femoral or 
IJ vein, a 6F is inserted, and a properly sized self-expanding stent (or balloon- 
expandable) is navigated into the venous sinus stenosis. Pre- and post-angioplasty 
may be performed, but typically not necessary. Dual antiplatelet therapy should be 
maintained for at least 3 months. 

 In summary, stenting in appropriately selected patients with refractory IHH 
might be reasonable. However, longer follow-up is critical for defi ning more clearly 
the role of this intervention, and further studies are needed for improvement of 
selection criteria.  

   Illustrative Case 2 

 A 37-year-old woman with history of rheumatoid arthritis presented with worse ning 
frequency/intensity of headaches and blurry vision. Exam revealed papilledema. 
MRI brain was normal, and MRV was suspicious of venous stenosis bilaterally. 
Lumbar puncture revealed opening pressure of 24 cm H2O. Headache was refractory 
to acetazolamide and repeated therapeutic lumbar punctures.    Her vision worsened, 
and she was referred optic nerve fenestration. Despite this therapy, headaches 
persisted. 

 Cerebral venous manometry and possible angioplasty/stenting were requested. 
Stenosis of the right transverse-sigmoid junction was observed (Fig.  15.5a, b ). The 
mean venous pressure in the superior sagittal sinus was 41 mmHg (Fig.  15.5c ), 
 torcula 39 mmHg, transverse sinus (distal to stenosis) 36 mmHg, sigmoid sinus 
(proximal to stenosis) 29 mmHg, and jugular bulb 18 mmHg. Due to the gradient of 
23 mmHg, the decision was made to intervene endovascularly. Angioplasty with a 
6 × 40 mm Savvy balloon was performed. This was followed by the deployment of 
an 8 × 20 mm Precise self-expandable stent. Due to the development of stenosis 
immediately distal to the stent, an overlapping 8 × 30 mm Protégé self-expandable 
stent was placed. A good angiographic result was noted, and pressures in the supe-
rior sagittal sinus decreased to 22 mmHg, transverse sinus to 21 mmHg, and jugular 
bulb to 19 mmHg. Chronic daily headache and visual blurriness resolved within 
weeks. Follow-up angiogram at 2 months revealed patency of the stents. At 1 year, 
the optic disks were normal.
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           Introduction 

 The intersection of head and neck surgery and neurointervention dates to the turn of 
the twentieth century [ 1 ] when the endovascular devascularization of a tumor was 
fi rst attempted. As neurointervention evolved toward greater safety with the intro-
duction of the Seldinger technique [ 2 ] and the transfemoral approach [ 3 ], its appli-
cation to disorders of the head and neck has also increased. Preoperative tumor 
embolization is now widely applied. Endovascular treatment of epistaxis has less-
ened the need for open vascular ligation [ 4 ] that, while effective, requires highly 
invasive and technically challenging surgery. Endovascular treatment with arterial 
embolization is now an accepted option for management of intractable epistaxis. 
In addition to these applications, neurointerventional techniques have been success-
fully applied to temporary and permanent vessel occlusion, treatment of carotid 
blowout syndrome, and treatment of iatrogenic vessel injuries to the head and neck.  
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   Tools Review (See Chap.   1    ) 

   Coils 

 The coil consists of two components: a fi ne, soft, metal helix often made of  platinum 
and a steel pusher wire. For intracranial application, these components are typically 
connected and must be mechanically or electrolytically detached. This connection 
allows for repositioning or removal of coils when the initial deployment is unsafe. 
For extracranial applications in which repositioning is rarely necessary, “pushable” 
coils are sometimes used. These coils are not attached to the pusher wire, and once 
deployed may not be retrieved. “Feathered” coils are not generally utilized intracra-
nially, due to the perceived increased risk of thromboembolic complications. These 
coils are more often employed extracranially as the risk of cerebral ischemia is 
minimal, and their feathering may promote the desired vascular occlusion more 
rapidly. 

 Coils may be utilized in the treatment of a variety of head and neck disorders. 
They are perhaps most frequently used to sacrifi ce large cranial vessels in a con-
trolled manner. They are less effective in devascularizing the nasal cavity or a tumor 
bed as they do not penetrate the microvasculature that is the target in these 
circumstances.  

   Particulate Embolics 

 Polyvinyl alcohol particles (PVA; Boston Scientifi c, Boston, MA) and tris-acryl 
microspheres (microspheres) are the most frequently used particulate embolics in 
the modern treatment of head and neck pathology. They are available in a range of 
diameters, allowing control over the depth of vascular penetration. Gelfoam pled-
gets have also been utilized but are not as effective in microvascular penetration 
and therefore provide less complete devascularization of tumor beds and the nasal 
cavity.  

   Liquid Embolics 

 Liquid  n -butyl cyanoacrylate ( n -BCA) (Trufi ll, Codman Neurovascular, Raynham, 
NJ) and ethylene-vinyl alcohol copolymer (EVOH) (Onyx, Covidien, Irvine, 
California) have both been utilized to treat a variety head and neck disorders. They 
are effective in treating extracranial vascular malformations, with EVOH gaining 
favor in recent years due to its ability to occlude large portions of these malforma-
tions. They have also been successfully utilized in the embolization of epistaxis and 
tumors. 
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  Stents : The use of stent technology in extracranial head and neck disease is 
 relatively uncommon. Radiation-induced carotid stenosis is one condition for which 
stenting is indicated. The stents utilized in this setting are self-expanding nickel- 
titanium alloy (Nitinol). For iatrogenic vascular injuries or carotid blowout, balloon- 
mounted stents with a microfi lament layer (covered stents) may be utilized.   

   Balloon Test Occlusion 

   Indications 

 Giant aneurysms (see Chap.   10    ): These ≥25 mm aneurysms often involve the intracra-
nial carotid artery. The open surgical approach to these lesions may involve a skull 
base approach, requiring collaboration between the head and neck surgeon and vascu-
lar neurosurgeon. Direct clip ligation of the aneurysm is often prohibitively risky due 
to adjacent cranial nerves, bony structures, and involvement of large portions of the 
parent vessel wall. Under these circumstances, vessel sacrifi ce may be contemplated 
through either open or endovascular means (discussed under “Carotid Blowout 
Syndrome” and “Case Study 1: Carotid Blowout”). Surgical occlusion involves trap-
ping of the aneurysm through clip application to the cervical carotid artery proximal to 
the aneurysm and clip application distal to the aneurysm to prevent retrograde fi lling. 

 Prior to undertaking these technically challenging and high-risk procedures, it is 
important to test the competence of the circle of Willis through balloon test occlu-
sion (BTO). Patients who fail the BTO may require extracranial to intracranial 
bypass surgery prior to vessel sacrifi ce. 

 Skull base tumors: Examples of these lesions include pituitary macroadenomas, 
craniopharyngiomas, meningiomas, chordomas, and esthesioneuroblastomas. They 
often are adjacent to, and at times surrounding, arterial structures, making vessel 
sacrifi ce intraoperatively possible or, at times, unavoidable. Again, it is essential to 
test the collateral circulation via BTO prior to surgical resection. 

 Cervical tumors: Vascular encroachment or encasement of internal carotid artery 
is most commonly associated with metastatic lymphadenopathy from head and neck 
squamous cell carcinoma or the direct extension of the primary tumor. A variety of 
less common tumors may also present in this manner. These tumors may be malig-
nant with rare histologies such as chondrosarcoma, papillary carcinoma (thyroid), 
adenocarcinoma, or undifferentiated carcinoma. Benign neoplasms of the neck 
including carotid body tumor, vagal paragangliomas, and peripheral nerve neo-
plasms (e.g., schwannomas or neurofi bromas) are other lesions which can cause 
carotid artery encroachment. It is imperative to include angiography and BTO in 
the preoperative workup of patients with strong clinical or radiological suspicion of 
vascular encasement from cervical tumors. The information from these two inter-
ventions helps to assess safety of carotid ligation and resection, which may be 
required for complete tumor removal if encroachment of the artery by malignant 
disease is 270° or more.  
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   General Technique 

 The BTO is performed with no sedation in order to ensure that patient’s neurological 
function is not pharmacologically impaired. Local anesthesia is applied followed by 
puncture of the femoral artery. Some neurointerventionalists prefer to utilize the 
femoral artery ipsilateral to the artery to be occluded. This eliminates the possibility 
that vascular injury or insuffi ciency associated with the femoral access site will 
be confused with a neurological defi cit induced by balloon infl ation. 
A diagnostic catheter is then used to perform a four-vessel angiogram. The patency 
of the circle of Willis is carefully evaluated. When no visible fi lling across the ante-
rior communicating artery is present, manual carotid compression with fi rm dye 
injection may make this collateral evident. Next, systemic heparin is administered 
to achieve an activated clotting time >250 s. A 6 French guide catheter is then navi-
gated into the target vessel. Through this catheter, a compliant non-detachable 
balloon- tipped catheter is navigated into the petro-cervical carotid. The L-shaped 
curve of the artery at this location reduces the tendency for distal migration of the 
balloon caused by the arterial pressure within the cervical carotid artery. Among 
modern balloon types, the Hyperform (ev3) 7 × 7 mm and Scepter (Codman) bal-
loon catheters are frequently employed. The Scepter has the advantage of being a 
dual-lumen catheter. This allows for removal of the microwire and administration of 
continuous heparinized fl ush distal to the balloon. Next the balloon is infl ated and 
angiography is performed to ensure the balloon is occlusive. At this point, it is useful 
to visualize the external carotid artery to look for external to internal collaterals and to 
assess the caliber of the superfi cial temporal artery (often utilized for external to inter-
nal bypass). Balloon infl ation should be maintained for a minimum of 20 min. The 
patient’s neurological function should be assessed in a standardized manor and at 
regular intervals of 2–5 min during balloon infl ation. This examination often involves 
questioning of the patient for subjective symptoms, level of alertness, orientation, 
visual fi elds, language function, facial expression, and motor examination (drift and 
grip strength in upper extremities; movement of toes in lower extremities).  

   Predictive Value 

 When a circle of Willis collateral to the occluded carotid (posterior or anterior 
 communicating artery) is angiographically visible, no neurological symptoms are 
noted during the period of occlusion, and cortical venous drainage is visible with 
less than a 1-s delay between hemispheres (venous phase assessment), the patient is 
said to have “passed” the balloon test occlusion. In one study, only 2 % of patients 
who passed their BTO went on to develop a neurological defi cit postoperatively [ 5 ]. 

 A variety of attempts have been made to improve upon the positive predictive 
value of the fi ndings above, including stump pressure measurement [ 6 ,  7 ], induced 
hypotension [ 8 ,  9 ], single-photon emission computed tomography (SPECT) imaging, 
CT perfusion imaging with acetazolamide challenge [ 10 ], xenon CT perfusion 
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imaging [ 11 – 13 ], MR perfusion imaging [ 14 ,  15 ], transcranial Doppler [ 16 ], and 
neurophysiological monitoring [ 17 ,  18 ]. While some of these methods increase the 
sensitivity of the test, they have not been shown to improve surgical outcome.  

   Risks 

 The primary risk associated with BTO is thromboembolism. There is stasis of blood 
fl ow proximal to the balloon within the carotid artery and decreased/turbulent fl ow 
distal to the balloon. This risk may be reduced through the use of systemic heparin 
as described above. In patients in whom surgery is not imminent or in whom endo-
vascular vessel sacrifi ce is anticipated, aspirin may be considered. Additionally 
 balloon infl ation may be associated with vessel dissection. If balloon infl ation is 
performed at the carotid bulb or within the common carotid artery, it may trigger 
refl ex bradycardia, hypotension, and, in extreme cases, asystole. While this should 
not occur if the balloon is infl ated in the location described above, it is advisable to 
be prepared for the eventuality.  

   Technical Variations 

 Variations on the general approach to BTO include positioning of the balloon across 
the ophthalmic artery rather than at the petro-cervical junction. The purpose of this 
maneuver is to eliminate the possibility of external to internal carotid collateral 
recruitment that may cause a falsely normal test. Rarely, proximal basilar artery 
occlusion may be contemplated to treat large or giant basilar artery aneurysms or 
posterior fossa tumors. In these cases, the BTO is performed with the balloon in the 
proximal basilar artery. Some institutions have utilized the balloon guide catheter 
(Stryker Neurovascular) designed for use with the Solitaire thrombus retrieval sys-
tem. The advantage of this catheter is that it allows robust delivery of heparinized 
saline distal to the balloon. The disadvantage is its large diameter and associated 
risk of vascular injury or baroreceptor stimulation.   

   Carotid Blowout Syndrome 

   Causes 

 Carotid blowout syndrome denotes rupture of the extracranial carotid artery or 
its major branches in the neck. It is mostly associated with local spread, treatment, 
or recurrence of squamous cell cancers of the head and neck. These tumors may 
arise from the nasopharynx, oral cavity, oropharynx, larynx, or the hypopharynx. 
Advanced, fungating tumors may directly encroach and at times invade the carotid 
artery, leading to imminent rupture. Though uncommon, carotid blowout is one of 
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the most dreaded complications after surgery for advanced head and neck  carcinoma. 
Surgical resection may involve radical (en bloc removal of the lymph node- bearing 
tissues on one side of the neck, as well as the removal of the spinal accessory nerve, 
internal jugular vein (IJV), and sternocleidomastoid muscle) or modifi ed radical 
(dissection with the goal of preserving the IJV, the sternocleidomastoid muscle, or 
the spinal accessory nerve) neck dissection. Impaired healing and wound break-
down are the main postoperative complications that precede carotid blowout. 
Predisposing factors for these postoperative complications are from infection, tumor 
recurrence, use of vertical limb and three-point junction incision for radical neck 
 dissection, rough handling of the vessel adventitia during surgery, fl ap necrosis, 
and systemic factors such as malnourishment, anemia, and hypoproteinemia [ 19 ]. 
Pharyngocutaneous fi stula is another known postoperative complication with a high 
risk for carotid rupture due to exposure of the carotid wall to direct salivary contamina-
tion and damage from salivary enzymes. Finally, treatment protocols including radio-
therapy play an etiological role. Radiation has been associated with a sevenfold 
increased risk of carotid rupture in head and neck cancer [ 20 ,  21 ]. Thrombosis of the 
vasa vasorum, adventitial fi brosis, and fragmentation of tunica media elastic fi bers 
following irradiation of carotid sheath lead to weakening of the vessel wall and subse-
quent rupture [ 22 ]. Carotid blowout will be accelerated in this setting if there is chronic 
carotid exposure or can occur if there is delayed wound healing since radiation also 
increases postoperative healing complications and pharyngocutaneous fi stulae, thus, 
further predisposing to the risk of carotid blowout. Blunt or penetrating trauma to the 
neck is also reported in the literature as a rare cause of carotid blowout [ 23 ].  

   Epidemiology 

 Over 550,000 patients are diagnosed with head and neck cancers annually world-
wide [ 24 ]. Carotid blowout has been reported to occur in 3–5 % of patients with 
major head and neck resections [ 25 ]. Among patients with head and neck squamous 
cell carcinoma, up to 20 % require radical neck dissection, and this procedure is 
associated with a 4 % incidence of carotid blowout [ 26 ]. The reported rates vary 
across series but the average mortality estimate from carotid blowout is 40 % 
(9–64 %) and severe neurological defi cit occurs in about 60 % (9–84 %) [ 25 ,  27 ].  

   Clinical Presentation 

 Chaloupka et al. [ 27 ] have described three entities that fall within the carotid blow-
out syndrome:

•    Exposed carotid: in which there is wound breakdown and direct exposure of the 
carotid artery postsurgical resection of tumor with or without irradiation. There 
may also be evidence of tumoral invasion of the carotid sheath or asymptomatic 
pseudoaneurysm of the carotid artery.  
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•   Impending blowout: in which there is a “sentinel” hemorrhage presenting with 
nasal, oral, or transcervical hemorrhage that is self-limited. This may be due to 
an angiographically evident pseudoaneurysm or tumoral erosion into the vessel. 
Highly variable duration of sentinel bleeding from moments to months prior to 
hemorrhage has been described. Patients at high risk for potential blowout should 
be counseled to report such occurrences. Precautionary measures such as protec-
tion of airway with a cuffed tracheostomy tube and crossmatching in anticipation 
of blood transfusion are recommended.  

•   Acute carotid blowout: presenting with uncontrolled nasal, oral, or transcervical 
hemorrhage. There is often massive blood loss with the need to manual compres-
sion of the carotid and hemodynamic resuscitation.     

   Indications for Invasive Treatment 

 An  exposed carotid  requires adequate coverage of the weakened vessel wall with 
mobilization of a tissue fl ap and attempted wound closure to prevent both early and 
delayed rupture. Skin or fascial grafts are inadequate. Local fl aps consisting of skin 
and subcutaneous tissue are required to provide suffi cient healthy tissue for carotid 
coverage, particularly in postirradiated patients. The most reliable protection is pro-
vided by pedicled muscular fl aps composed of well-vascularized muscle. If there is 
a skin defect overlying the carotid, a pedicled myocutaneous fl ap is recommended 
which comprises of the overlying skin, subcutaneous fat, and muscle. The most 
commonly utilized fl ap to prevent carotid rupture fl aps is a pectoralis major myocu-
taneous fl ap which is mobilized from the chest and rotated above from the chest to 
the neck. Less commonly used are latissimus dorsi and deltopectoral fl aps. The 
muscle paddle of the fl ap is sutured to the tissue around the carotid while the skin 
overlying the muscle is sutured to the edges of the cutaneous defect in the neck, thus 
providing complete carotid protection. In patients with pharyngocutaneous fi stula 
with carotid exposure, reconstruction with the myocutaneous fl ap helps seal the 
salivary leak and promotes revascularization of the vessel wall, thus preventing 
 rupture of the carotid. 

 When tumor invasion of the carotid or pseudoaneurysm formation is present, it 
is reasonable to proactively plan for possible carotid sacrifi ce. This would involve 
an elective cerebral angiogram to localize the arterial defect if present (common 
carotid, external carotid, or internal carotid) and assess collateral circulation. 
A BTO would also be helpful to assess the ability to safely sacrifi ce the affected 
vessel. The decision to prophylactically sacrifi ce the involved vessel could then be 
based on a thorough understanding of the clinical condition of the patient, native 
collateral circulation, and extent of tumoral involvement of the artery. 

 For patients with an  impending blowout  or  acute blowout , the need for invasive 
treatment is more clear-cut. The difference in approach to these two entities is 
related to the speed with which treatment must occur. In cases of impending blow-
out, the steps of workup may be more measured with reliance on more technically 
elegant vessel-sparing strategies such as stent-assisted pseudoaneurysm coiling and 
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covered stent placement. For acute blowout syndromes, where control of bleeding 
must be obtained within minutes rather than hours, vessel sacrifi ce may be the only 
feasible option.  

   Risks 

 The most pressing risk associated with acute carotid blowout syndrome is the  failure 
to control bleeding in time to prevent exsanguination and death due to hypovolemic 
shock. Vessel-preserving strategies may paradoxically increase this risk in the short 
term as they often involve the use of stent technology and the associated need for 
antiplatelet agents. Vessel occlusion and use of stents without antiplatelet agents 
carries a risk of thromboembolism and ischemic stroke.  

   Surgical Approach 

 Emergent treatment of carotid blowout requires expeditious transfer of the patient to 
the operating room for defi nitive control. Traditional surgical intervention has been 
exploration of the neck and ligation of the bleeding vessel. Pressure is maintained at 
the site of hemorrhage until the vessel is exposed. Skin incision is planned in order 
to achieve the best exposure of the carotid artery along its entire length in the neck. 
In previously operated patients, the incision is made along the scar and extended as 
required. Skin fl aps are elevated followed by identifi cation of the site of bleeding. 
Sternocleidomastoid muscle (in patients with no history of radical neck dissection) 
is retracted laterally to expose the carotid sheath. Dissection in postoperative cases 
is complicated due to distortion of the anatomy by edematous, granulation, or 
necrotic tissue. Once identifi ed, the common carotid artery is carefully dissected to 
obtain vessel control both proximal and distal to the bleeding site. If the site of rup-
ture is located in the internal or common carotid artery, vertical sutures are preferred 
instead of horizontal sutures in order to prevent compromise of the cerebral blood 
fl ow [ 25 ]. Such ligatures may not always be suffi cient and there may be a need to 
ligate or to ligate and resect the carotid artery. Reconstruction of the artery with 
interpositional grafts with Gore-tex or saphenous vein may be undertaken. 
Reconstruction is avoided in presence of infected, irradiated tissue due to increased 
risk of postoperative disruption. Hemorrhage may also occur from blowout of the 
external carotid artery or one of its major branches in the neck; these are usually 
safe to ligate unilaterally. Pharyngocutaneous fi stula, if present, should be repaired 
and salivary diversion be created as required. It is, however, rare that the fi stula can 
be repaired directly. The safest option is repair of the pharyngeal defect with a myo-
cutaneous fl ap. This reconstruction will also bring vascularized muscle into the 
wound to cover the ligated vessels. Pharyngeal diversion may then be established 
with wound packing and a salivary bypass tube. All necrotic or infected tissue is 
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thoroughly debrided and swabs are sent for microbiology. The wound is copiously 
irrigated after ensuring complete control of the hemorrhage. Vascularized muscular 
or myocutaneous fl aps are mobilized to cover the wound especially in irradiated 
necks and in patients with pharyngocutaneous fi stula. 

 Ligation of the internal or common carotid artery is a rapid technique to secure 
bleeding in carotid blowout, but the rate of neurological sequelae and death is high 
in patients with insuffi cient collateral circulation at the circle of Willis. Lower cere-
bral ischemic complication rates are reported in patients who are hemodynamically 
stable prior to the surgery [ 28 ]. Therefore, vigilant monitoring of vitals and mainte-
nance of adequate blood pressure in the perioperative period is paramount. Surgical 
ligation should be ideally preceded with BTO and cerebral angiography, but the 
unstable disposition and the emergent need to prevent death from exsanguination 
usually do not allow planning for such interventions. Newer endovascular tech-
niques, however, have been developed for management of carotid blowouts with 
lesser complications versus open surgery and are discussed below.  

   Endovascular Approach 

•      Vessel sacrifi ce : While at fi rst blush, vessel sacrifi ce may appear to be the least 
sophisticated treatment for carotid blowout syndrome, there are in fact a number 
of challenges that must be overcome. Although time is short in most cases, it is 
important to gain a rapid assessment of the circle of Willis. This will allow assess-
ment of the risk of hemispheric stroke after vessel sacrifi ce. The next goal of 
treatment is to signifi cantly slow the loss of blood in acute blowout. To this end it 
may be useful to position a non-detachable balloon proximal to the point of ves-
sel rupture, or across the rupture site itself. At this point detachable coils are used 
to permanently occlude the vessel as they are the most controllable tool currently 
available in the neurointerventional armamentarium. Despite this relative control, 
coil migration is a risk in the early stages of vessel sacrifi ce, especially in large-
caliber vessels such as the common carotid artery. Proximal balloon infl ation will 
serve to reduce or eliminate anterograde fl ow while the fi rst coils are positioned 
and deployed. Using oversized, longer coils will further reduce the risk of coil 
migration intracranially, as will anchoring of the fi rst coils in the rupture point of 
the vessel. Also key in this endeavor is occluding the vessel distal to the rupture 
point and working backward to a position proximal to that point. This strategy 
avoids the risk of retrograde fi lling of the occluded vessel and continued blood 
loss. While coils alone may achieve complete vessel occlusion, the matrix they 
create is not occlusive in all cases, especially in large- caliber vessels. In these 
cases, the high-density version of EVOH (Onyx 34) may be injected once signifi -
cant fl ow reduction has been achieved to completely eliminate fl ow.  

•    Stent-assisted coiling  (see Chaps.   10     and   11    ): In cases of exposed carotid with 
pseudoaneurysm formation or impending rupture with pseudoaneurysm forma-
tion, stent-assisted coiling is an effective treatment option. The safe use of stent 
technology requires dual antiplatelet therapy, and in controlled circumstances 
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this can be achieved via oral administration of aspirin (81 or 325 mg) and 
 clopidogrel (300 mg loading dose followed by 75 mg daily) as long as there is no 
active bleeding and treatment is planned in close proximity to antiplatelet admin-
istration. An alternative strategy is to utilize IV antiplatelet agents (e.g., eptifi ba-
tide or abciximab) immediately after stent deployment followed by administration 
of oral agents at the conclusion of the procedure. The latter approach reduces the 
interval of time between platelet inhibition and pseudoaneurysm occlusion.  

•    Covered stent placement : The covered stent offers the potential for quick control 
of blood loss while preserving vessel patency. It requires the ability to navigate a 
large-diameter guide catheter or sheath (8F or larger) proximal to the point of 
rupture. These devices tend to be more stiff and diffi cult to navigate than uncov-
ered stents, and therefore the target vessel must be free of signifi cant tortuosity. 
The larger surface area created by the stent membrane also increases the risk 
of thromboembolism, making the use of antiplatelet agents more pressing. This 
need may be mitigated by the introduction of heparin-coated covered stents. It is 
essential to oversize the stent diameter and allow for a substantial landing zone 
on either side of the rupture point to ensure complete occlusion of the lesion.     

   Case Study 1: Carotid Blowout 

 A 62-year-old man with a history of squamous cell carcinoma of the larynx  presented 
with hypovolemic shock and bleeding from tracheotomy site, nose, and mouth. He was 
found to have a recurrent mass with erosion into the esophagus and common carotid, 
creating a fi stulous connection. While undergoing emergent hemodynamic resuscita-
tion with manual compression being applied to the common carotid artery, the patient 
was brought to the interventional suit. Diagnostic angiography revealed a patent ante-
rior communicating artery. A proximal balloon catheter was infl ated to reduce bleeding 
and allow coiling placement within the vessel. Onyx 34 was used to seal the coil matrix. 
The patient was successfully resuscitated and stabilized (Fig.  16.1 ).

       Epistaxis 

   Epidemiology 

 Idiopathic epistaxis affects at least 60 % of the adult population during a lifetime; 
however, only 6 % of epistaxis cases require medical attention. Males and females 
are equally affected with an increase in frequency over the age of 40. Most cases 
arise from the anterior septal area; however, 5 % of cases arise more posteriorly and 
are diffi cult to control [ 29 ].  
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   Associated Conditions 

•     Hereditary Hemorrhagic Telangiectasia (Osler–Weber–Rendu syndrome): a rare 
autosomal dominant, systemic disease in which epistaxis is caused by rupture of 
telangiectasias and is often refractory to treatment. While embolization will con-
trol an acute episode, symptoms generally recur over time [ 30 ].  

•   Eroding cavernous carotid aneurysms (see Chaps.   10     and   11    ): large and giant 
aneurysms of the cavernous carotid artery may erode into the sphenoid sinus, 
rupture, and present with epistaxis [ 31 ].  

  Fig. 16.1    Carotid blowout. ( a ) Contrast cervical axial CT scan showing recurrent laryngeal cancer 
encasing the right carotid artery ( arrow    ). ( b ) Pretreatment angiogram showing a carotid- esophageal 
fi stula with manual compression being applied. ( c ) Infl ation of a balloon in the common carotid 
artery proximal to the fi stula to slow fl ow and reduce blood loss. ( d ) Carotid occlusion with coil 
deployment distal, within the fi stula, and proximal to the fi stula with EVOH deposition to com-
plete the occlusion       
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•   Arteriovenous Malformation or Fistula (see Chaps.   12     and   13    ): is a rare cause of 
epistaxis but is the subject of several case reports [ 32 ].  

•   Trauma: Traumatic maxillofacial injury is sometimes associated with laceration 
of branches of the external carotid artery and massive oronasal blood loss. More 
rarely, skull base fractures are associated with laceration of the cavernous carotid 
artery. Generally this leads to symptoms of carotid cavernous fi stulae (see Chap. 
  15    ). However, when there is rupture into the sphenoid sinus, oronasal bleeding 
may be seen [ 33 ].  

•   Sinonasal Neoplasm: Juvenile nasopharyngeal angiofi broma (see below) is the 
neoplasm most commonly associated with epistaxis. Other tumors that may pres-
ent in this fashion include: hemangioma, hemangiopericytoma, acute myelogenous 
leukemia, pyogenic granuloma gravidarum, nasopharyngeal carcinoma, esthesio-
neuroblastoma, malignant fi brous histiocytoma, adenoid cystic carcinoma, and 
metastatic disease [ 34 ].     

   Stepwise Treatment Algorithm [ 29 ] 

     1.    Nasal pressure   
   2.    Topical hemostatic and vasoconstricting agents   
   3.    Anterior packing   
   4.    Reversal of underlying factors (i.e., platelet inhibition, anticoagulation, 

or hypertension)   
   5.    Endoscopic cauterization: chemical, e.g., silver nitrate or electrocautery   
   6.    Posterior packing with inpatient observation   
   7.    Surgical or endovascular ligation of arterial supply to posterior nasal fossa      

   Angiographic Assessment 

 During the angiographic assessment of epistaxis, selective catheterization and angi-
ography should be performed in bilateral internal and external carotid arteries. 
At least one vertebral artery injection may be useful to look for evidence of dural 
arteriovenous fi stula or arteriovenous malformation. 

 Imaging of the internal carotid artery will rule out rare causes of epistaxis includ-
ing aneurysms, AVMs, DAVF, or traumatic carotid cavernous fi stula. In addition the 
ophthalmic artery provides important vascular supply to the superior nasal cavity 
via the anterior and posterior ethmoidal arteries. These arteries are not considered 
targets for endovascular therapy due to the risk of inadvertent embolization of cere-
bral or ophthalmic vessels. 

 Assessment of the external carotid artery is particularly important as the target 
vessels for endovascular treatment arise from it. Moving from the anterior to poste-
rior nasal cavity, these include the superior labial artery (a branch of the facial artery) 
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and the greater palatine and sphenopalatine arteries (branches of the internal maxillary 
artery). It is also crucial to look for angiographically subtle external to internal anas-
tomoses through the angular branch of the facial artery and branches of the internal 
maxillary artery (vidian, accessory meningeal, and middle meningeal). At times it 
may be feasible to remove nasal packing during angiography to look for extravasa-
tion of contrast and localize the side of bleeding more precisely.  

   Surgical Treatment 

 Surgical treatment is indicated in patients with epistaxis who continue to bleed 
despite conservative measures including decongestants, application of cautery, 
hemostatic agents, and short-term nasal packing. The origin of such intractable epi-
staxis is diffi cult to visualize and usually arises from the vessels in the posterior and 
superior nasal cavity, most commonly the sphenopalatine artery. Surgical interven-
tion provides prompt treatment in these situations. It not only prevents pressure 
necrosis and infections in the nasal cavity but also reduces the hospital stay from 
prolonged packing. The nature of surgical interventions has evolved both in the 
technique and the target of ligation from open ligation of the external carotid artery 
(ECA) to transantral ligation of internal maxillary artery (IMA) to the endoscopic 
ligation of the sphenopalatine artery (SPA). 

 Ligation of the ECA through neck exploration is associated with risk of inadver-
tent injury to the hypoglossal nerve. It can also cause ischemic complications in ath-
erosclerotic patients whose cerebral circulation is dependent on the external to internal 
carotid system anastomoses. Open ligation of ECA has been replaced by transantral 
ligation of IMA that is performed through a Caldwell-Luc approach. In this approach, 
a window is created through the anterior surface of the maxillary sinus via a gingivo-
buccal sulcus incision. Through this transantral window, the IMA is ligated in the 
pterygopalatine fossa which lies posterior to the maxillary sinus. A complication rate 
of 25–30 % is associated with this technique and mainly includes oroantral fi stula, 
cheek and dental anesthesia, and injury to the  nasolacrimal duct. 

 The most favored approach currently is endoscopic ligation of SPA that has 
less postoperative complications compared to transantral ligation of IMA [ 35 ]. 
A detailed endoscopic examination of the nasal cavity is performed under general 
anesthesia after adequately preparing the nasal cavity with topical decongestants. 
Nasal mucosa and, preferably, the greater palatine canal are injected with 1 % 
Xylocaine with 1:100,000 epinephrine for additional vasoconstriction. The middle 
turbinate is medialized and followed to its posteriormost aspect. The sphenopalatine 
foramen is situated just inferior to the posterior end of the middle turbinate and is 
accessed by a vertical mucoperiosteal incision on the lateral nasal wall. The SPA 
is clipped and/or cauterized as it exits the foramen, and the mucosal fl ap is re- 
approximated, thus completing the procedure. The success rate with this procedure 
is reported to be over 85 % [ 36 ]. The commonly reported complications include 
minor rebleeding, nasal crusting, palatal numbness, septal perforation, injury to 
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the nasolacrimal duct, and acute sinusitis. Postoperatively, nasal saline irrigation is 
recommended to reduce crusting. 

 Rarely, bleeding from the anterior ethmoidal artery (AEA) can be a source 
of intractable posterior epistaxis. This is seen mainly in patients with a history of 
midfacial trauma or iatrogenic injury during sinus surgery and often fails to subside 
with conservative measures. Surgical intervention requires ligation of AEA via 
either a traditional approach through an external Lynch incision placed over the 
medial orbital wall or an endoscopic approach. External approach achieves better 
control of AEA and also avoids the complications that may occur from an endo-
scopic approach such as cerebrospinal fl uid leak and orbital injury.  

   Endovascular Treatment 

 Endovascular procedures to control epistaxis are most often performed under  general 
anesthesia to reduce patient movement and protect the patient’s airway from blood 
and saliva. Femoral artery access is obtained in the standard manor and a 5 or 6 F 
guide catheter is navigated into the origin of the external carotid. This vessel is prone 
to catheter-induced spasm, and consideration should be given to topical application of 
1 inch of nitroglycerin to the angle of the ipsilateral jaw prior to catheterization. Intra-
arterial nitroglycerine should also be available to relieve spasm that occurs during the 
case. A large inner diameter microcatheter (e.g., a 0.021 Rapid Transit, Codman) is 
then navigated over a microwire and positioned within the facial artery distal to the 
submandibular artery. The authors rely on microparticles for embolization of the 
ECA branches. We utilize 250–355 μm PVA particles suspended in a contrast slurry 
ipsilateral to the site of bleeding. Injection is performed under negative roadmap 
imaging. Brief puffs are administered with careful attention paid to anterograde pen-
etration of the nasal cavity. Once refl ux is noted, embolization of these vessels is 
complete. The particle-contrast slurry must be constantly agitated and attention must 
be paid to accumulation of microparticles within the hub or the microcatheter in order 
to avoid occlusion. A new microcatheter is utilized to select the contralateral ECA, is 
navigated in the internal maxillary artery, and is positioned distal to the deep temporal 
vessels. The process above is then repeated. The authors will embolize the contralat-
eral ECA to reduce collateral supply to the area of hemorrhage. However, larger-
diameter PVA particles (500–710 μm) are utilized in this case to avoid excessive 
penetration and devascularization of the nasal cavity and skin overlying the nose. 

 As described above, some interventionalists rely on proximal vessel occlusion of 
the IMAX through deployment of detachable or pushable coils rather than mic-
roparticles. Coils have the advantage of speed and simplicity but do not penetrate 
the capillary bed and obstruct re-treatment should symptoms recur. Liquid embolic 
agents are enjoying increasing favor but are higher cost, may be more prone to travel 
through external to internal collaterals, and also inhibit re-treatment if needed. 

 Some practitioners will have nasal packing removed in the angiography suite to 
assess the need for further treatment before concluding the procedure. Others will 
remove nasal packing the next day.  
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   Effi cacy 

 Embolization is associated with a 90–100 % effi cacy in idiopathic epistaxis; 
 however, eventual recurrence is the rule in HHT patients. When early rebleeding 
(within 30 days) is taken into account, rates of effective treatment are between 70 
and 90 % [ 29 ].  

   Risks 

 While the overall risk of embolization for epistaxis is low, there is risk of serious 
adverse events such as blindness and stroke that may occur due to refl ux of the 
embolic material into cerebral or ophthalmic collaterals. In addition, external to 
internal collateral may lead to inadvertent cerebral artery embolization, making the 
assessment of collaterals crucial. Finally, excessive devascularization of the nasal 
cavity may lead to erosion and ulceration of the nasal mucosa or skin overlying 
the nose.  

   Illustrative Case 2: Epistaxis 

 A 55-year-old woman was admitted with several days of epistaxis. Upon admission 
she underwent posterior nasal packing but upon removal once again experienced 
severe bleeding, requiring transfusion of two units of packed red blood cells. She was 
then brought to the angiography suit where she underwent PVA particle embolization 
of both distal facial and internal maxillary arteries. She tolerated the procedure well 
and was discharged, free of further bleeding, on postoperative day number 2 (Fig.  16.2 ).

       Preoperative Tumor Embolization 

   General Technique 

 See Chap.   14    .  

   Risks 

 The risks associated with tumor embolization are similar to those seen in the 
 treatment of epistaxis and include stroke due to refl ux of the embolic agent into the 
cerebral vasculature or transit through external to internal or external to vertebral 
artery connections. There is also risk associated with unintentional devascularization 
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of cranial nerves, skin, and mucosa. When large tumors are treated, perioperative 
edema and mass effect may occur. This risk can be minimized through the judicious 
use of postoperative steroids and timing the embolization procedure in close proxim-
ity to surgical resection.  

   Vascular Tumors 

•     Meningiomas: benign tumors arising from the dura mater occurring more 
 frequently in females and in advanced age. They may present incidentally, with 
headache, focal neurological defi cits, or seizures. At the skull base, they arise 

  Fig. 16.2    Epistaxis. ( a ) Guide catheter angiogram showing vascular supply to the nasal cavity 
(sphenopalatine arteries:  bracket    , inferior orbital:  open arrow , superior labial:  small arrow ). 
( b ) Microcatheter angiogram of the distal internal maxillary artery (IMAX). ( c ) Post-PVA emboli-
zation showing occlusion of the distal IMAX       
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from the sphenoid wing, olfactory groove, and clivus. In these locations they 
may be supplied by dilated branches of the ophthalmic artery, cavernous carotid 
artery (meningohypophyseal trunk or inferolateral trunk), or branches of the poste-
rior circulation. Preoperative embolization of large meningiomas has been shown 
to reduce blood loss and operative time compared to case-matched controls [ 37 ].  

•   Juvenile Nasopharyngeal Angiofi bromas: represent 0.5 % of all head and neck 
tumors. They generally affect adolescent boys, presenting as a painless, unilat-
eral nasal obstruction or epistaxis. They originate in the sphenopalatine foramen 
or pterygopalatine fossa. 10–20 % of JNAs have intracranial extension [ 38 ].  

•   Paragangliomas: represent 0.6 % of all head and neck neoplasms. They are vascu-
lar neoplasms arising from chemoreceptors of nerves. Women are more commonly 
affected with the peak incidence occurring between 30 and 60 years old. At times 
they are multiple, familial, and/or secretory. Patients may present with a mass 
lesion in the neck, a cranial nerve defi cit, or pulsatile tinnitus. Cranial nerve defi -
cits are sometimes associated with the glomus jugulare subtype. These tumors 
are most often supplied by branches of the ascending pharyngeal artery [ 39 ]. The 
following locations have been described:

 –    Tympanic (glomus tympanicum)  
 –   Jugular bulb (glomus jugulare)  
 –   Vagal (glomus vagale)—11 %  
 –   Carotid body tumor—35 %  
 –   Aorta/larynx       

 Surgical resection with or without preoperative embolization provides the best 
chance of cure. Preoperative embolization may cause infl ammation of the dissection 
plane of the carotid adventitia and is not always preferred prior to resection. 
However, radiation or observation with serial imaging is recommended in highly 
advanced or multicentric, bilateral tumors where surgery may lead to signifi cant 
functional impairment from cranial nerve defi cits or vascular complications.   

   Radiation-Induced Carotid Stenosis 

   Association of Carotid Stenosis and Radiation 

 There is a known association between head and neck irradiation and carotid steno-
sis. In a series of 240 patients treated with head and neck radiation, 12 % had >70 % 
stenosis at 5 years with a tenfold higher relative risk of stroke at 10 years [ 40 – 43 ].  

   Pathophysiology 

 Most authors attribute the stenotic lesions seen postradiation to accelerated athero-
sclerosis; however, endothelial hyperplasia has also been hypothesized [ 40 ].  
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   Indications for Treatment (See Chap.   4    ) 

 Patients with symptomatic stenosis (TIA or stroke) >50 % should be considered for 
revascularization. Asymptomatic patients with 80 % stenosis or greater may also be 
candidates. Due to the obscuration of tissue planes and thickening of the tissues 
seen post-neck irradiation, endovascular treatment is generally preferred over 
carotid endarterectomy [ 44 ].  

   Endovascular Treatment 

 See Chap.   4    .   

   Iatrogenic Carotid Injury 

   Persistent Stapedial Artery and Aberrant Course of the ICA 

 A persistent stapedial artery is seen in 0.5 % of temporal bone specimens at autopsy 
and is associated with an aberrant course of the internal carotid artery [ 45 ].  

   Illustrative Case 3: Aberrant ICA 

 An 88-year-old woman with what was thought to represent recurrent otitis media 
underwent elective myringotomy tube placement in an outpatient setting. Upon tube 
insertion, perfuse bleeding was encountered. CT angiography revealed a persistent 
stapedial artery with an aberrant course of the ICA and erosion into the middle ear 
cavity. The bleeding was controlled through navigation of an over-the-wire compli-
ant balloon across the arteriotomy and occlusion of the middle ear cavity with Onyx 
34 liquid embolic (Fig.  16.3 ).

      Injury During Sinus Surgery 

 There is bulging of the internal carotid artery into the lateral wall of the sphenoid 
sinus in almost all patients with an up to 22 % incidence of dehiscence in the bony 
wall covering the artery. This makes the artery vulnerable to inadvertent laceration 
during sphenoidotomy. 
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 A clear understanding of the anatomy of the sphenoid sinus in relationship to the 
internal carotid artery (ICA) and proper training in the principles of endoscopic 
sinus surgery are fundamental to prevention of such a catastrophic injury. A careful 
review of preoperative CT scans before the procedure is of utmost importance to 
detect any variation in the sinus anatomy or vascular anomaly of the carotid artery. 
The carotid artery may bulge far into the lumen of the sphenoid sinus with a dehis-
cent bony wall. The sphenoidotomy should be made as medially toward the midline 
and inferiorly as possible. In addition, instruments like a microdebrider should be 
avoided in sphenoid sinus surgery to prevent any accidental injury. The ICA is at 
higher risk of injury during transsphenoidal and expanded endonasal approaches to 
the skull base. Use of micro-Doppler probe for carotid localization has been found 
to be a useful adjunct to prevent ICA injury in such surgeries.  

   Illustrative Case 4 

 A 59-year-old man with a past medical history signifi cant for recurrent sinusitis 
underwent debridement of the ethmoid and sphenoid sinuses for a fungal infection. 
During sphenoidotomy, perfuse bleeding was encountered. Angiography revealed a 
cavernous carotid laceration. 4 mm × 12 mm Graftmaster stent was placed across the 
lesion with immediate cessation of bleeding (Fig.  16.4 ).

  Fig. 16.3    Persistent stapedial artery       
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           Introduction 

 Inferior petrosal sinus sampling (IPSS) is a major advance in the medical management 
of Cushing’s syndrome (CS). The technique of inferior petrosal sinus (IPS) sam-
pling for Cushing’s syndrome was fi rst published in 1977 by Corrigan at a time 
when transsphenoidal surgery (TSS) was becoming available to treat pituitary CS, 
or Cushing’s disease (CD) [ 1 ]. Using this selective catheterization technique, it was 
possible to sample ACTH output centrally and peripherally and later even lateralize 
ACTH production. IPSS has continued to gain wide acceptance and now it is inter-
nationally considered the gold standard for diagnosing CD [ 2 – 12 ]. This chapter 
will explain IPSS including its applications, limitations, complications, and cost- 
effectiveness. It behooves all physicians involved in the medical management of CS 
to better understand this relatively new procedure.  
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   Clinical Features 

 CS is a result of excess glucocorticoids, either endogenous or exogenous. The major-
ity among the corticotropin-dependent endogenous CS cases is due to pituitary 
 adenomas, which is known as CD. A large percentage among these is caused by 
functional pituitary microadenomas producing excess ACTH, whereas macroadeno-
mas are responsible for only 6 %. 

 The remainder is due to ectopic secretion of corticotropins, which is often a 
manifestation of a somatic endocrine tumor. Corticotropin-independent CS is often 
associated with adrenal adenomas or carcinomas. 

 The classic “cushingoid” habitus of obesity, facial plethora, and rounded 
(“moon”) face is commonly seen. Other symptoms include hirsutism, weakness, 
menstrual irregularity, emotional lability, and easy bruising. Clinical manifestations 
often include glucose intolerance, hypertension, nephrolithiasis, and osteopenia, 
which may in turn lead to fractures.  

   General Principles of Screening and Diagnosis 

     1.     CS suspicion, screening, and diagnosis  (see Table  17.1 ): CS is a serious dis-
ease which if untreated has a 50 % 5-year mortality [ 13 ]. Although considered 
rare (2–4 per one million persons per year), CS is often curable, therefore worth 
the effort to diagnose and treat. The path to diagnosis begins with clinical 
 suspicion. If suspected, at least two of the screening tests in Table  17.1  are 
 performed. If one or more of the screening tests are positive, a referral to 
an endocrinologist for additional diagnostic testing is made to confi rm the diag-
nosis    [ 14 – 19 ].

       2.     CS etiology and differential diagnostic testing  (Fig.  17.1 ): Appropriate ther-
apy for CS requires an etiologic diagnosis between adrenal, pituitary, and an 
ectopic ACTH-producing tumor (EAS) [ 20 ,  21 ]. Understanding the tests used to 
establish the etiology requires knowledge of the hypothalamic–pituitary–adre-
nal (HPA) axis (see Fig.  17.1 ) [ 19 ,  22 ]. The fi rst step to establishing the etiology 
is an ACTH level to determine ACTH dependency—either “independent” for 
adrenal nodule(s) or “dependent” for a CD or EAS (see Table  17.2 ) [ 23 ].

     (a)     ACTH-independent CS  (see Table  17.2 ): Approximately 10 % of CS is 
ACTH- independent including adrenal tumors (both benign and malignant) 
and primary nodular hyperplasia. IPSS is not indicated in cases of ACTH-
independent CS where an adrenal etiology is likely [ 24 – 26 ]. Adrenal CS 
can be easily diagnosed by the combination of low ACTH levels and fi nd-
ing adrenal nodule(s) by CT or MRI.   

  (b)     ACTH-dependent CS  (see Tables  17.2  and  17.3 ): The vast majority of CS 
is ACTH dependent—largely from two causes: CD (~80 %) and EAS (~10 %) 
[ 27 ]. Many different tumor types both benign and malignant can produce 
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   Table 17.1    Establishing 
the diagnosis of Cushing’s 
syndrome  

  Clinical suspicion for Cushing’s syndrome  
           ↓ 
  Screening tests (fi rst-line—perform at least 2)  
 • Urinary free cortisol (three 24 h 

collections) 
 • Low-dose (1 mg) overnight 

dexamethasone suppression 
 • Late-night salivary cortisol level 
           ↓ 
  Confi rmatory testing  
 • Endocrinologist referral r/o physiologic 

hypercortisolism 
 • Confi rmation of screening tests 
 • Second level testing if needed 
   1. Midnight plasma cortisol 
   2. Cortisol diurnal rhythm 
   3. 2 mg dexamethasone suppression test 

+/− CRH test 

  Adapted from Arnaldi G, Atkinson AB, 
Bertagna X, et al. Diagnosis and complications 
of Cushing’s syndrome: a consensus statement. 
J Clin Endocrinol Metab. 2003;88:5593–602  

  Fig. 17.1    Hypothalamic–pituitary–adrenal axis: during normal function and with various etiologies 
of Cushing’s syndrome       
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EAS, and many produce other ectopic biomarkers (see Table  17.3 ) [ 5 ,  27 –
 29 ]. Historically, differentiating CD from EAS had been diffi cult but that 
changed when IPSS was introduced [ 1 ,  30 ,  31 ]. Since then, it has achieved 
a high level of diagnostic accuracy. This has improved with modifi cations 
including bilateral sampling [ 32 ,  33 ], CRH stimulation, and “normalizing” 
ACTH responses with prolactin measurements. To demonstrate how IPSS 
is used in clinical practice, a case is presented below.

           3.     Illustrative case 1: A 24-year-old woman with weight gain and Cushing’s 
features: 

   (a)     Clinical suspicion of CS:  A 24-year-old woman experienced a 100-lb. 
weight gain with Cushing’s features, hyperglycemia, hypokalemia, hyper-
tension, and psychoses requiring multiple psychiatric medications 
(Figs.  17.2  and  17.3 ). Her history was complicated by a series of undeter-
mined quantities of Depo glucocorticoid injections over the last 2 years for 
back pain. Despite the history of exogenous glucocorticoids, CS testing 
was done because of the disproportionality of her fi ndings. Exogenous CS 

    Table 17.3    Examples of hormonally active tumors associated with ectopic ACTH secretion   

 Source  Biomarker(s) 

 Neuroendocrine/carcinoid tumors  5-HIAA, chromogranin A, and serotonin 
 Gastrinoma  Gastrin 
 Medullary thyroid carcinoma  Calcitonin 
 Pheochromocytoma  Catecholamines/metanephrines 
 Bronchogenic carcinoma  Hypercalcemia 
 Small cell lung carcinoma  ADH 
 Pancreatic carcinoma     GHRH 

   GHRH  growth hormone-releasing hormone,  5-HIAA  5-hydroxyindoleacetic acid  

         Table 17.2    Differential diagnostic testing in patients with proven Cushing’s syndrome   

 Test  Adrenal CS  Pituitary CS  Ectopic ACTH syndrome 

 ACTH level  Low  Normal/high  Normal/very high 
 CT/MRI 
adrenal g. 

 Mass(es)  Normal/hyperplasia  Normal/hyperplasia 

 HDDST a   No suppression  Suppression  Rare suppression 
 CRH test  No response  Response  Rare response 
 MRI pituitary  Normal b   Tumor (60 %)  Normal b  
 IPSS  Not applicable  Gradient (pit./peripheral)  No gradient (pit./peripheral) 

  The relative frequency of occurrence of the different CS etiologies is given in percentage inside the 
parentheses 
 Adapted from Arnaldi G, Atkinson AB, Bertagna X, et al. Diagnosis and complications of 
Cushing’s syndrome: a consensus statement. J Clin Endocrinol Metab. 2003;88:5593–602 
  a High-dose (8 mg) dexamethasone suppression test 
  b 10–20 % pituitary “incidentalomas” up to 6 mm  
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  Fig. 17.2    A 24-year-old 
woman with Cushing’s 
syndrome taken during 
fi rst hospitalization for 
diagnostic testing       

  Fig. 17.3    ( a ) A 24-year-old woman with Cushing’s syndrome taken during fi rst hospitalization for 
diagnostic testing. ( b ) Same woman taken approximately 4 years earlier       
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was deemed an unlikely factor based on the rough assessment of dose, 
frequency, and remote history. In addition, normal cortisol responses to 
ACTH stimulation testing further diminished this possibility.

       (b)     Diagnostic CS testing:  The diagnostic CS testing showed hypercortisolism 
based on late-night serum and salivary and 24-h urine cortisol values (see 
Table  17.4 ). Loss of the normal glucocorticoid feedback inhibition was found 
by dexamethasone suppression testing (DST). ACTH independence was 
excluded by non-suppressed plasma ACTH levels, thus ruling out adrenal CS.

      (c)     Differential diagnostic testing for CS etiology:  Although an adrenal etiol-
ogy of CS was ruled out by normal plasma ACTH levels (and later inciden-
tal abdominal CT imaging), the differentiation between CD and EAS was 
uncertain because of equivocal pituitary MRI fi ndings and nondiagnostic 
hepatic mass pathology.

   (i)     Ectopic ACTH syndrome evaluation:  The patient’s abdominal CT 
scan showed multiple large masses most consistent with hepatic adeno-
mas, which have not been associated with EAS. Consideration was 
given to hepatic carcinoid but the urinary 5-HIAA levels were normal.   

   (ii)     Pituitary MRI with gadolinium enhancement:  Nondiagnostic 
 fi ndings suggested a small 2 × 4 mm left-sided adenoma (Fig.  17.4 ). 
The pituitary MRI was repeated with the same result. Because of the 
likelihood of CD and the accuracy and possible lateralization, we pro-
ceeded with IPSS.

       (iii)     IPSS:  Results of the IPSS angiography confi rmed correct catheter 
placement (Fig.  17.5a, b ). Increased ACTH production was localized 
to the pituitary gland confi rming the diagnosis of CD (Tables  17.5  and 
 17.6 ). ACTH production within the pituitary body lateralized to the 
left side consistent with the MRI fi ndings (Table  17.5 ).

   Table 17.4    Diagnostic testing for Cushing’s syndrome in a 24-year-old woman with Cushing’s 
features   

 Date 

 DST (1 mg) 
 8 am Plasma 
cortisol 

 Plasma 
ACTH 

    24-h urine 
free cortisol 
values 

 Late-night 
salivary cortisol 

 Late-night 
plasma cortisol 

 Normal 
values 

 <2.0 μg/dl  7–63 pg/ml  0–50 μg/day  <0.112 μg/dl  <2.0 μg/dl 

 4/19/2013  35 a   139 a  
 5/1/2013  22 a   0.365 a  
 5/11/2013  13.6 a  
 5/12/2013  149 a   16.8 a  
 5/13/2013  169 a   25.9 a  
 5/14/2013 
 5/15/2013  13.6 a   16.6 a  
 5/16/2013  14.6 a   29.1 a  
 7/22/2013  141 a  

   a Abnormal test result  
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            (d)     Summary:  This case summarizes the strategic use of IPSS in the medical 
evaluation of CS. Clinical suspicion to screen for CS was based on the rapidity 
and severity of her symptomatology disproportionate to her exogenous gluco-
corticoid exposure. The diagnosis of CS was made by multiple screening tests 
but the etiology was unclear because of equivocal pituitary MRI fi ndings and 
the discovery of hepatic masses. Adrenal CS was unlikely based on non-sup-
pressed plasma ACTH levels and normal adrenal gland imaging. On transs-

  Fig. 17.4    Pituitary MRI fi ndings in a 24-year-old woman with CS       

  Fig. 17.5    ( a ) Fluoroscopic visualization of catheter placement in bilateral inferior petrosal 
sinuses. ( b ) Venogram of cavernous sinuses obtained from catheter in right inferior petrosal sinus       
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phenoidal surgery she was found to have a left-sided pituitary adenoma that 
was resected, following which the cortisol levels returned to normal.    

      4.     Diagnostic accuracy of IPSS in ACTH-dependent CS:  As shown in this case, 
differentiating the etiology of CS between adrenal, pituitary, and EAS is essential 
for proper therapy. Adrenal CS has been relatively straightforward to diagnose 
with a combination of low ACTH levels and imaging showing adrenal mass(es) 
(see Table  17.2 ). Given the frequent small size of pituitary tumors and occasional 
occurrence of occult EAS tumors, differentiating CD and EAS can be diffi cult 
[ 34 – 37 ]. When IPSS has been used to confi rm or exclude a pituitary source of 
ACTH in CS, it has been very successful with reports of diagnostic accuracy of 
around 90 % [ 38 – 43 ]. These tests are discussed below (see Table  17.2 ).

   (a)     Plasma ACTH:  This test will usually diagnose adrenal CS based on a low 
serum level (see Table  17.2 ). The combination of a low plasma ACTH with 
normal but autonomous urinary cortisol occurs in adrenal “incidentalo-
mas.” CD usually has normal or high ACTH levels, whereas EAS has the 
highest but considerable overlap occurrence.   

  (b)     Adrenal gland CT or MRI:  The combination of hypercortisolism with 
low ACTH should prompt adrenal imaging. The usual fi nding is adrenal 
mass(es) usually unilateral but sometimes bilateral. The fi nding of an adre-
nal mass in CS without a low ACTH level, however, is not an evidence for 
an adrenal etiology since these patients may still have CD [ 44 ].   

    Table 17.6    Analysis of the IPSS testing in a 24-year-old woman with Cushing’s syndrome to 
localize and lateralize the source of ACTH   

 Localization of ACTH source  Lateralization of ACTH within the pituitary 

 IPS:P ACTH basal (>2) = 6.6 a   IPS ACTH L:R basal (>1.4) = 1.1 
 IPS:P ACTH CRH (>3) = 11.1 a   IPS ACTH L:R CRH (>1.4) = 1.5 a  
 IPS:P PROL basal (>1.8) = 2.0 a   IPS PROL L:R basal (~1) = 0.5 
 IPS:P PROL CRH (>1.8) = 3.9 a   IPS PROL L:R CRH (~1) = 0.5 
 IPS:P ACTH/PROL (>0.8) = 2.8 a   IPS ACTH/PROL L:R basal = 1.8 a  

 IPS ACTH/PROL L:R CRH = 3.0 a  

   IPS  inferior petrosal sinus,  P  peripheral,  L  left,  R  right 
 IPS:P ACTH basal: if >2 indicates an ACTH source within the pituitary gland before CRH stimulation 
 IPS:P ACTH CRH: if >3 indicates an ACTH source within the pituitary gland after CRH stimulation 
 IPS:P PROL basal: if >1.8 validates the location of the IPS catheter before CRH stimulation 
 IPS:P CRH: if >1.8 validates the location of the IPS catheter after CRH stimulation 
 IPS:P ACTH/PROL: if >0.8 confi rms a disproportionately high ACTH secretion relative to prolactin 
 IPS ACTH L:R basal: if >1.4 is suspicious for a left-sided pituitary adenoma before CRH stimulation 
 IPS ACTH L:R CRH: if >1.4 is suspicious for a left-sided pituitary adenoma after CRH stimulation 
 IPS PROL L:R basal: if ~1 indicates a non-lateralizing pituitary venous effl uent before CRH stimulation 
 IPS PROL L:R CRH: if ~1 indicates a non-lateralizing pituitary venous effl uent after CRH stimulation 
 IPS ACTH/PROL L:R basal: corrects ACTH lateralization for pituitary venous effl uent before 
CRH stimulation 
 IPS ACTH/PROL L:R CRH: corrects ACTH lateralization for pituitary venous effl uent after CRH 
stimulation 
  a High  
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  (c)     High-dose dexamethasone suppression testing (HDDST):  CD is based 
on the premise that most ACTH-secreting pituitary adenomas have an 
intact but relatively resistant negative feedback loop. In contrast, EAS has 
a negative feedback loop which is completely resistant to glucocorticoids 
with the exception of some carcinoid tumors. Unfortunately, using <50 % 
suppression “cut-point” yields false-positive and false-negative rates 
between 20 and 30 %, respectively [ 45 ].   

  (d)     CRH testing  (Ferring Pharmaceuticals, Limhamn, Sweden, under the trade-
name Acthrel): CRH can be diffi cult to procure for outpatient testing but it is 
considered second best for differentiating CD and EAS. The fact that most 
ACTH-secreting pituitary adenomas (85 %) respond to CRH with an increase 
in ACTH secretion and most EAS and adrenal CS do not is the basis for this 
test [ 46 ]. Dexamethasone is sometimes used in conjunction with CRH to 
improve the diagnostic accuracy, but the test has enough false- negative 
results to limit its use. The major use for this test is diagnosing pseudo-Cush-
ing’s and physiologic hypercortisolemic states (see Table  17.2 ) [ 47 ].   

  (e)     Pituitary MRI (with gadolinium enhancement):  Pituitary MRI has a 
diagnostic accuracy of only about 50 % largely as a result of two problems 
[ 48 – 51 ]. First, the small size of CD adenomas (sometimes ~1 mm) and sec-
ond, lack of functional assessment, which is a problem with non-ACTH- 
secreting pituitary “incidentalomas.” Pituitary incidentalomas have been 
found in 10–20 % of unselected MRIs and autopsies [ 52 – 54 ]. Co-lateralization 
of MRI fi ndings with IPSS will further enhance not only diagnostic cer-
tainty but also lateralization within the pituitary body [ 55 ,  56 ].   

  (f)     IPSS (90 % diagnostic accuracy):  Of all of the etiologic tests for CS, 
IPSS has the best diagnostic accuracy as reported by high-volume referral 
centers [ 57 ]. The primary use of IPSS is to localize the source of ACTH 
(see Table  17.7 ). The secondary and less accurate use of IPSS is to lateral-
ize the side of ACTH source within the pituitary body to allow for more 
selective and less invasive transsphenoidal surgery. It must be remembered 
that IPSS is not useful in diagnosing CS. IPSS has proven useful in both 
pregnancy [ 58 ] and young children [ 17 ,  59 – 61 ]. The diagnostic IPSS crite-
ria to localize and lateralize the source of ACTH are seen in Table  17.8 . 
Despite its successes IPSS still has inaccuracies in otherwise diffi cult cases 
[ 62 ,  63 ]. Furthermore, because IPSS requires a high degree of technical 

  Table 17.7    Utility of inferior 
petrosal sinus sampling 
(IPSS)  

  Primary  
 Differentiate the cause of Cushing’s syndrome, i.e., pituitary 
disease versus ectopic ACTH 
  Secondary (less helpful)  
 Pituitary lateralization 
  Not helpful  
 Establishing diagnosis of endogenous CS 
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skill and expertise, results could vary widely. Anatomic variability pre-
cludes about 10 % of CS patients who cannot be successfully catheterized 
for IPSS. The principal reason for CRH stimulation is to correct for ACTH 
pulsatility [ 64 ]. Pulsatility is also a good reason to draw two baseline ACTH 
levels. CRH stimulation improves IPSS diagnostic accuracy from 60 to 
90 % according to several reports [ 56 ,  65 ,  66 ]. A systematic analysis that 
included 21 studies and 569 patients found that IPSS with CRH stimulation 
achieved 96 % sensitivity and 100 % specifi city in discriminating Cushing’s 
disease from EAS [ 47 ]. Interestingly, CRH also stimulates AVP, prolactin, 
and other ACTH-related peptides [ 67 – 69 ]. CRH has also been combined 
with TRH (not commercially available) to dually stimulate both ACTH and 
prolactin [ 70 ]. Diffi culty procuring CRH has led to the interest in alterna-
tives such as naloxone, metyrapone, and vasopressin [ 71 ,  72 ]. A synthetic 
version of vasopressin and desmopressin (DDAVP; Ferring Pharmaceuticals) 
compared to CRH produces less ACTH stimulation [ 73 – 75 ]. Nevertheless, 
desmopressin stimulation improves diagnostic accuracy over 90 % and 
comparable to CRH [ 76 ]. Combined CRH and AVP stimulation also yields 
excellent diagnostic accuracy and perhaps better than either alone [ 77 ,  78 ]. 
The desmopressin technique is similar to CRH and 10 mg of desmopressin 
is used in place of the CRH. IPSS prolactin levels can be used to correct for 
venous effl uent concentrations as they lateralize in the majority of non-CS 
subjects showing the need to correct for difference in venous effl uent [ 79 –
 84 ]. When petrosal-to-peripheral ACTH ratios are “normalized” to prolac-
tin petrosal-to-peripheral ratios, the diagnostic accuracy for both 
localization and lateralization improves [ 82 ,  85 ]. “Normalization” of 
ACTH gradients improves accuracy not only prospectively but retrospec-
tively using archived IPSS blood samples [ 79 ,  84 ].    In the current case, 

   Table 17.8    IPSS criteria to localize and lateralize the source of ACTH   

 Purpose  Catheter  Test  Condition  Criteria 

 Localize ACTH  IPS:P  ACTH  Pre-CRH stim  >2 
 Localize ACTH  IPS:P  ACTH  Peak-CRH stim  >3 
 Catheter placement  IPS:P  Prolactin  Pre- or peak-CRH  >1.8 
 Excess ACTH  IPS:P  ACTH:prolactin  Pre-CRH stim  >0.8 
 Lateralize ACTH  IPS L:R  ACTH  Pre- or peak-CRH  >1.4 
 Lateralize prolactin  IPS L:R  Prolactin  Pre- or peak-CRH  ~1.0 
 Corrected ACTH 
lateralization 

 IPS L:R  ACTH:prolactin  Pre- or peak-CRH  >1.4 

   IPS  inferior petrosal sinus,  P  peripheral,  L  left,  R  right 
 Localize ACTH—confi rm or exclude pituitary is source of ACTH 
 Catheter placement—validate the correct location of IPS catheter 
 Excess ACTH—confi rms excess ACTH relative to prolactin control 
 Lateralize ACTH—lateralizes side of pituitary ACTH production 
 Lateralize prolactin—lateralize side of pituitary venous effl uent 
 Corrected ACTH lateralization—corrects IPS ACTH for laterality of pituitary venous effl uent  
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ACTH gradients lateralized to the left (Table  17.6 ) only after prolactin 
 normalization, which is where the CD adenoma was found. Beyond prolac-
tin, other IPSS neuroendocrine biomarkers and pituitary hormones have 
yet to become useful [ 69 ,  86 ,  87 ].  IPSS lateralization  refers to determin-
ing the side, either right or left, of the CD adenoma within the pituitary 
body. Lateralization unfortunately has not achieved the diagnostic accu-
racy of localizing the source of ACTH, either within the pituitary body or 
not. Some studies have shown that a gradient of ≥1.4 between the ACTH 
concentrations in the two sinuses predicted the side of the tumor with up to 
71 % accuracy if catheters were appropriately placed [ 48 ,  49 ,  88 – 92 ]. 
However, others have not found such strong predictive values. Since there 
is a 50 % chance of correctly predicting the location without the aid of any 
anatomical data, this expensive procedure cannot be justifi ed for lateraliza-
tion alone [ 93 – 95 ]. If MRI lateralizes a pituitary lesion to the same side, the 
accuracy is much higher when it does not. If the IPPS lateralizes but the 
MRI does not, the whole pituitary body should still be explored at TSS 
since ~30 % have contralateral tumors [ 91 ]. The reasons for failing to lat-
eralize are listed in Table  17.9 . Besides the usual considerations of varia-
tions in venous drainage and catheter placement, an intrinsic lateralization 
of pituitary function favors the right of the time 80 %. This may explain 
why left-sided IPSS lateralization is most accurate for CD. Other causes 
are seen in the table and should be considered when evaluating the data.

       (i)     Accuracy of IPSS localization—false positives:  A false-positive 
IPSS occurs when the ACTH source  is  localized to the pituitary body, 

     Table 17.9    Some rare diffi culties in IPSS’ ability to localize the source of ACTH (CD vs. EAS) 
and to lateralize CD within the pituitary   

 Failure to localize (pituitary vs. EAS) 
 False (+) ~5 %; false (−) ~15 %  Failure to lateralize (right vs. left) 

 1. Anomalous venous drainage  1. Anomalous venous drainage 
 2. Incorrect catheter placement  2. Incorrect catheter placement 
 3. Ectopic CRH-secreting tumor (carcinoid)  3. Ectopic tumor secreting CRH 
 4. Cyclic hypercortisolism  4. Prior transsphenoidal surgery 
 5. Inadequate examination of surgical 

pathology 
 5. Inadequate examination of surgical 

pathology 
 6. Extrapituitary parasellar ACTH- secreting 

adenoma 
 6. Extrapituitary parasellar ACTH- secreting 

adenoma 
 7. Failure to employ CRH stimulation  7. Midline microadenoma 
 8. Inability to catheterize  8. Sample withdrawal was too rapid 
 9. Medical or surgical therapy: to decrease 

adrenal cortisol and/or pituitary ACTH 
secretion 

 9. Intrinsic functional laterality of 
hypothalamic–pituitary axis 
(80 % right-side dominant) 

 10. Failure to diagnose CS with certainty and 
exclude physiologic hypercortisolism 

 10. Mislabeling left and right sample tubes 
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but TSS neither fi nds the adenoma nor is curative. The IPSS false-
positive rate is very low and in some studies approaching 0 %. Some 
causes of false-positive IPSS localization (as well as lateralization) 
results are seen in Table  17.9 .

   (1)     Normals and pseudo-Cushing’s states:  The most important step 
to avoid a false-positive IPSS is to be certain of the diagnosis of 
CS. IPSS in normal subjects will localize ACTH secretion from 
the pituitary body. Therefore, IPSS is not helpful in confi rming or 
establishing the diagnosis of CS only in its etiology. Particular 
concern occurs in pseudo- Cushing’s states which can biochemi-
cally and/or clinically mimic true CS. In some of these conditions, 
all of the usual screening and diagnostic tests for CS will be posi-
tive [ 96 ,  97 ].   

  (2)     Extrapituitary parasellar ACTH-secreting adenomas:  One 
rare cause of a positive IPSS but negative pituitary surgery is an 
extrapituitary, parasellar ACTH-secreting (ectopic) adenoma [ 98 , 
 99 ]. This occurs in ~1 % of CD cases and is sometimes associated 
with an empty sella. The extrapituitary adenomas probably 
develop from a remnant of Rathke’s pouch, which failed to 
migrate to the anterior pituitary. The extrapituitary adenomas have 
been found in the sphenoid sinus, anterior cranial fossa, interpe-
duncular cistern, intraclival, and suprasellar locations. In most 
instances, careful examination of MRI images will reveal their 
location. It is important to consider the possibility of an extrapitu-
itary adenoma especially if EAS is not found and before commit-
ting the patient to a total hypophysectomy and/or bilateral 
adrenalectomy [ 99 – 101 ].   

  (3)     Ectopic CRH:  Although very rare, ectopic tumors secreting 
CRH, especially bronchial carcinoids, will produce “eutopic” 
ACTH and cause IPSS localization to the pituitary body. Inhibiting 
adrenal corticosteroidogenesis (medical or surgical) in EAS will 
potentially restore pituitary ACTH secretion. Combined ectopic 
ACTH and CRH production has also been reported to give false-
positive IPSS results [ 102 ].   

  (4)     MRI negative:  If IPSS is positive for a gradient (pituitary: periph-
eral) but the pituitary MRI is negative, TSS success drops almost 
in half (98–50 % in one study). In those unsuccessful cases, no 
pituitary tumor has subsequently been found in a 4-year follow-up 
suggesting an occult pituitary tumor was not missed [ 56 ,  103 ].   

  (5)     Other  causes of false-positive are in Table  17.10 .

           (ii)     Accuracy of IPSS localization—false negatives:  A false-negative 
IPSS occurs when the ACTH source  is not  localized to the pituitary 
body but later found that it is.  IPSS  has a larger problem with false-
negative rates of up to 15 % [ 104 ]. A number of potential causes for 
false negatives are listed below (see Table  17.9 ):
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   (1)     Improper catheter placement:  Venous angiography is needed to 
locate correct positioning of the catheters [ 105 ].   

  (2)     Anomalous drainage:  A unilateral hypoplastic or plexiform infe-
rior petrosal sinus can result in anomalous drainage from the pitu-
itary body that may lead to false-negative sampling results in 
~1 % [ 106 ,  107 ]. Retrograde IPS blood fl ow and blood steal of the 
cavernous sinus associated with central vein stenosis has been 
described [ 108 ].   

  (3)     Microscopic adenomas (<1 mm) missed at surgical pathology 
examination:  Repeat examination with thinner sections and 
ACTH staining is advised.   

  (4)     Cyclic CS in remission:  Although rare, periodic hypercortisolism 
can be determined at the time of IPSS with a pre-procedure late-
night salivary cortisol.   

  (5)     Pasireotide:  Is a somatostatin agonist that inhibits corticotroph 
ACTH secretion and is indicated for medical treatment of CD.    

              5.     IPSS—anatomy, tools, and procedural considerations  
 The pituitary gland is divided into anterior (adenohypophysis) and posterior 
(neurohypophysis). It is drained by the lateral hypophyseal veins [ 94 ,  109 ]. It is 
surrounded by two venous compartments known as the cavernous sinuses. 

    Table 17.10    Basic steps in an IPSS protocol   

  Preparation  
 • Informed consent 
 • Prepare labeled tubes 
 • Late-night salivary cortisol to confi rm pre-procedural hypercortisolism (optional) 
  Venous access (bilateral femoral vein)  
 • Secure venous access site and use 18G single-wall needle to puncture vein 
 • Placement of three catheters (2-IPSS and 1-peripheral) confi rmed by angiography 
  Equipment  
 • Sheaths—90-cm shuttle sheath 
 • Catheters—5-F guide catheter navigated over guide wire 
 • Guide wire—stiff guide wire (Terumo) 
 • Microcatheters—2.8-F microcatheter 
  Medications  
 • Conscious sedation to allow real-time neurologic assessment 
 • 3–5,000 units of heparin (optional) 
 • CRH (Acthrel®, Ben Venue Laboratories Inc. Bedford, OH) 1 μg/kg IV 
  Collect blood ACTH and prolactin samples  
 • Baseline—two sets 
 • Post-CRH—3, 5, 10, and 15 min 
 Withdraw catheters, manually compress puncture site, and observe at least 4 h before 
discharge (usual time = 1–2 h; Deipolvi) 
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Three channels connect these compartments: the anterior intercavernous sinus, 
the posterior intercavernous sinus, and the inferior intercavernous sinus. These 
cavernous sinuses in turn drain via several channels including the IPS which 
empties into the internal jugular vein and from there into the subclavian vein. 
The IPS extends from the posterior aspect of the cavernous sinus posteriorly 
through the jugular foramen to the internal jugular vein. 
 A schematic diagram of pituitary venous drainage, fl uoroscopic image of place-
ment of the IPSS catheters, and an IPSS venogram are seen in Figs.  17.5  and  17.6 .

     Preparation  

 As Cushing’s patients are often obese, venous access may be diffi cult. The abdomen 
must be taped to improve visualization of the groin. We recommend having mul-
tiple sampling lavender top tubes available and pre-labeled prior to beginning the 
procedure.  

   Venous access  
 An 18G single-wall needle may be used to gain venous access. Utilizing an over-

the- wire approach, a sheath is used to access the inferior vena cava. Bilateral 
femoral venous access is required in order to sample both inferior petrosal 
sinuses.  

  Fig. 17.6    Schematic diagram of pituitary venous drainage and placement of the inferior petrosal 
sinus sampling catheter       
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   Sheaths  
 A supportive sheath such as a 90-cm Shuttle Sheath (Cook Medical, Bloomington, 

IN) is often useful given the need for guide catheter support when passing 
through the valvular system of the jugular veins. Alternatively a shorter, 35-cm 
6-F sheath may also be used. It is important to have at least one of the two 
sheaths of a larger diameter than the catheters being used to allow peripheral 
samples to be drawn from the sheath. Both sheaths should be continuously irri-
gated with heparinized saline. Once the femoral venous sheaths are in place, 
systemic heparin is administered intravenously. 

 Occasionally arterial access may be obtained in order to visualize the venous sinuses 
and internal jugular veins to provide a venous road map. For this purpose, a stan-
dard 5-F or 6-F sheath may be used.  

   Catheters  
 Once the sheath is in place, a 5-F guide catheter is navigated over a glide wire 

through each sheath into the ipsilateral jugular vein. Some authors recommend a 
cross catheterization approach, as it may be easier to catheterize the more diffi -
cult left jugular vein from the right femoral vein sheath, which is closer, thus 
offering a mechanical advantage [ 110 ]. The catheter is then directed superomedi-
ally toward the inferior petrosal sinuses. Typically the IPS drains directly into the 
jugular bulb and is easy to catheterize. However there is signifi cant variation in 
the anatomy of the IPS. Shiu et al. described four distinct patterns of drainage of 
the IPS [ 111 ], with type 1 being the common one described above. Type II drain-
age is where the IPS anastomoses to a large anterior condylar vein. In type III 
there may be several small channels forming the IPS, whereas in type IV the IPS 
may not drain into the IJV at all and drain into the anterior condylar vein directly. 
Occasionally a venous road map may be useful to visualize the IPS. A 4-F or 5-F 
diagnostic catheter navigated into either common carotid artery, through which a 
cervico-cerebral angiogram is obtained through the venous phase. Alternatively 
a venous road map may be obtained through an arterial injection in which the 
images are obtained a few seconds after injecting in order to capture only the 
venous phase on fl uoroscopy. 

 A variety of catheter shapes have been used to access the internal jugular vein. We 
fi nd a 5-F Head Hunter catheter works most consistently in selecting the IPS. This 
catheter shape is able to hold the catheter stably against the IPS junction and may 
enter the IPS itself. This stability facilitates microcatheterization if needed. Other 
alternatives that may be used are a 5-F Davis catheter [ 109 ] or a 4-F Berenstein 
catheter (Cordis).  

   Guide wires  
 A stiff glide wire (Terumo) is often but not always needed to successfully cross the 

valves of the internal jugular vein. A regular 0.035″ in glide wire may routinely 
be used to navigate the catheter into the internal jugular veins.  

   Microcatheters  
 If selective microcatheterization of the IPS or cavernous sinus is desired, a larger 

microcatheter such as a Renegade HI-FLO (Boston Scientifi c) will facilitate 
aspiration. A 2.8-F microcatheter such as a Prowler Select Plus (Codman 
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Neurovascular) may alternatively be navigated further into the inferior petrosal 
sinus over a 0.014-in. microwire if required.  

   Corticotropin-releasing hormone (CRH)  
 Corticorelin ovine trifl utate (Acthrel ® , Ben Venue Laboratories Inc, Bedford, OH) is 

the commercially available synthetic form of CRH that is administered in a dose 
of 1 μg/kg intravenously [ 65 ].  

   Additional personnel  
 As multiple blood samples are drawn simultaneously from both petrosal sinuses and 

the femoral sheath, two additional team members may be required to scrub in, 
along with 1–2 other rotating non-sterile team members to ensure appropriate 
labeling, storage on ice, and transport of the specimens to the laboratory.  

   Collecting the samples  

 It is important to collect the three samples simultaneously. We recommend collect-
ing at least three sets of baseline samples 5 min apart prior to the injection of 
CRH, as well as at least two, ideally four sets of samples at 1, 3, 5, and 10 min 
after CRH injection. Before each sample is obtained, a different syringe should 
be used to draw about 2 cc blood from all three sites, which should be discarded. 
Once each sample is collected, it should be handed to one of the circulating staff 
members who will place it in an appropriately pre-labeled lavender top tube. 
Alternatively, these tubes could also be color-coded. We recommend pre- labeling 
them with the site and the time, for example, “RIPS-10,” “RIPS-5,” “LIPS-3.” 
These labels should then be placed on ice and transported to the lab. 

 An example of the basic steps in an IPSS protocol is summarized in Table  17.10 . 
Documentation of hypercortisolism during the time of the procedure can be done 
with a late-night pre-procedure salivary cortisol to control for periodic 
hormonogenesis.      

   6.     Alternative pituitary sampling methods:  Interest in fi nding easier (jugular 
vein) and more accurate sampling locations (cavernous sinus) has resulted in a 
number of studies. In brief, the jugular vein while easier to perform is signifi -
cantly less accurate, and the cavernous sinus is more accurate for lateralizing 
but also harder to perform.

    (a)     Jugular vein sampling  (JVS): The IPS passes through the jugular vein, 
which makes this an easier target but the diagnostic accuracy is less. The 
JVS values are lower than IPSS due to dilution and, therefore, not as reli-
able. A negative JVS must be confi rmed by IPSS [ 112 – 115 ].   

   (b)     Cavernous sinus sampling  (CSS): The cavernous sinus is closer to the 
pituitary body and theoretically a better place to sample. CSS localization 
is as good as IPSS, but may improve lateralization. On the other hand CSS 
is technically harder to reach and more invasive, thus increasing the risk of 
complications [ 116 – 126 ].    

      7.     Complications:  The incidence of serious complications, such as ischemic stroke, 
is 0.2 % when the procedure is performed by an experienced neurointervention-
alist [ 127 – 135 ]. A list of reported IPSS complications is in Table  17.11 . In one 
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series of 166 patients, transient cranial nerve palsy occurred in only one patient 
[ 38 ]. In another series of 44 patients, one developed hemiparesis and gaze palsy 
after the study [ 136 ]. Raymond’s syndrome has been reported [ 137 ]. Pulmonary 
embolism and deep venous thrombosis have been reported, but their frequency in 
large series is not known [ 130 ,  138 ,  139 ]. The frequency of less serious compli-
cations, such as inguinal or jugular hematomas, is less common. Choice of cath-
eters is probably also an important consideration to avoid complications [ 140 ].

       8.     Recommendation guidelines 

   (a)     Successful TSS:  Hypocortisolism immediately post-TSS is the best mea-
surement of success [ 141 ]. CD adenomas tend to be small and often are not 
well-localized preoperatively. As a result, even in the hands of an experi-
enced medical, radiological, and surgical team, 25–35 % of patients with 
Cushing’s disease are not in remission following surgical exploration of the 
sella turcica. A surgical technique removing the tumor along the plane of a 
histologic pseudocapsule facilitates more complete resection and over 
90 % rates of remission [ 142 ].   

   (b)     What to do if IPSS and EAS search are negative:  Following a negative 
IPSS study and negative EAS work-up (including chest and abdominal 
imaging), the possibility of either an occult EAS or CD must be considered 
[ 143 – 146 ]. Occult pituitary adenomas are sometimes found over time with 
repeat MRI [ 100 ,  147 ].   

   (c)     When to avoid IPSS:  Given its cost and diffi culty, avoiding IPSS when 
possible is desirable. Many authorities recommend going straight to TSS 
when MRI shows a pituitary lesion >6 mm without other confounding clin-
ical fi ndings. Given the relative high frequency of incidentalomas (up to 
20 % in EAS), some of which are >6 mm, errors using these criteria alone 
will occur [ 148 ].    

      9.     Cost-effectiveness:  The timely and appropriate therapy for CS is critical to 
guarantee the best outcome. Delays in treatment take their toll in the progres-
sion of CS-associated diabetes, hypertension, dyslipidemia, cardiovascular 
 disease, osteoporosis, infections, psychoses, obesity, obstructive sleep apnea, 
NASH, hypokalemia, etc. [ 149 ]. The cost of an invasive technique like IPSS is 

  Table 17.11    Reported 
complications of IPSS  

 0.2 % per year a  
 Groin hemorrhage (3 %) 
 Thromboembolism 
 Transient brain stem symptoms 
 Brain stem infarction 
 Hemiparalysis 
 Pontine hemorrhage 
 Isolated sixth nerve palsy 
 Venous subarachnoid hemorrhage 
 Subarachnoid extravasation of dye and blood 

   a At a center that does >50/year [ 135 ,  136 ]  
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offset by the rapidity and accuracy of a timely therapeutic intervention such as 
TSS. The cost-effectiveness analyses, however, are sensitive to the pretest prob-
ability of Cushing’s disease, test characteristics, and test costs which may 
change over time. At the present time most of the comparisons of cost- 
effectiveness favor IPSS, but this assessment can change as technology and our 
understanding of this disease evolves over time [ 150 ].   

   10.     Conclusion:  Cushing’s syndrome is the pathophysiologic result of hypercorti-
solism, which if left untreated has up to a 50 % 5-year mortality. IPSS is a major 
advance and now gold standard for localizing and lateralizing the source of 
ACTH in CS. Because of its superior accuracy, IPSS has largely replaced other 
biochemical tests used for the same purpose. The two major diagnostic limita-
tions are false-negative localization and false-positive lateralization. Both of 
these problems are largely attributed to technical problems, anomalous venous 
drainage, or pulsatile hormone production. Two innovations have addressed 
these limitations: fi rst, the use of prolactin levels to “normalize” venous effl u-
ents and second, CRH stimulation to eliminate confounding ACTH pulsatility. 
Despite the advantages, physicians should use IPSS cautiously given the cost, 
invasiveness, required technical skill, and potential complications. Therefore, it 
has never been truer that with great medical advances comes even greater 
responsibility to understand and use them wisely.   

   11.     Abbreviations 

    (a)    ACTH—adrenal corticotrophic hormone   
   (b)    CS—Cushing’s syndrome   
   (c)    CD—Cushing’s disease   
   (d)    EAS—ectopic ACTH syndrome   
   (e)    HDDST—high-dose dexamethasone suppression test   
   (f)    TSS—transsphenoidal surgery   
   (g)    CRH—corticotropin-releasing hormone   
   (h)    IPSS—inferior petrosal sinus sampling   
   (i)    HPA—hypothalamic–pituitary–adrenal   
   (j)    JVS—jugular venous sinus sampling   
   (k)    CSS—cavernous sinus sampling   
   (l)    AVP—arginine vasopressin   
   (m)    MRI—magnetic resonance imaging   
   (n)    HDD—high-dose dexamethasone (suppression test)    
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           Introduction 

 Stroke results in brain injury within an affected vascular territory through a complex 
interplay and cascade of events that include oxygen deprivation, excitotoxicity, 
infl ammation, and apoptosis causing injury to neurons, CNS supportive cells, and 
cerebrovascular structures [ 1 ]. Therapies that target and interfere with these various 
stages and pathways of the stroke cascade are considered neuroprotective. 

 Historically, such therapies have been systemically delivered pharmaceutical and 
medical agents, the great majority of which have not been proven of benefi t in clini-
cal trials [ 2 – 23 ]. With the advent of neurointervention, however, device therapies 
and options for selective, targeted delivery of medical agents have become avail-
able. The modalities continue to be developed and investigated with promising 
results for neuroprotection in stroke. 

 In this chapter, we review the major advances and therapies of neuroprotection 
relevant to the fi eld of neurointervention in the management of stroke. We further 
look ahead to neurointervention’s potential role in neuroprotection’s impact on 
future stroke care.  
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   Procedural Neuroprotection 

   Cerebral Embolic Protective Devices 

•      Current practices  
 Carotid artery stenting (CAS) is an approved treatment for symptomatic internal 
carotid artery stenosis and is the preferred intervention in high-risk cardiac 
patients [ 24 ]. Procedure-associated cerebral embolization of plaque (PCEP) 
from the carotid lesion is a known complication of CAS [ 25 – 31 ]. To prevent 
distal embolization events (DEE), cerebral embolic protection devices (CEPD) 
were developed for use in CAS [ 32 ,  33 ]. Although no direct comparison exists 
between CAS with and without CEPD use, numerous registries and series sup-
port CEPD’s neuroprotective benefi t [ 34 – 37 ]. Historically, these devices were 
fi lter-based, but newer systems that utilize fl ow reversal technology have also 
become available [ 27 ]. Currently, three different types of CEPD are in routine 
use during CAS: fi lters, proximal occlusion balloons (POB), and distal occlusion 
balloons (DOB). 

 All devices are introduced after sheath placement. Filters and DOB devices 
are positioned distally to the carotid lesion treatment area. POB devices with 
fl ow reversal are placed proximally to the lesion of interest and are consequently 
the only devices that provide protected crossing of the stenotic lesion [ 38 ]. Filters 
are commonly favored in practice because of their ease of use, preservation of 
anterograde fl ow, and allowance for contrast injection to enable excellent vessel 
and lesion visualization during CAS [ 37 ,  39 ]. DOB methods, on the other hand, 
are less in favor due to their associated limitations and risks: interruption of 
anterograde fl ow, preclusion of adequate lesion visualization after occlusion, and 
known procedural risk of severe ischemia [ 40 ]. If either balloon occlusion 
method is chosen, determination of appropriate collateral fl ow to the brain should 
fi rst occur to reduce risk of intra-procedural ischemic complications [ 40 ]. 

 Device choice is operator dependent as it is undetermined which ones provide 
best protection and for which subpopulations of symptomatic internal carotid 
artery disease they are best indicated. Age, hypertension, lesion morphology, and 
aortic type have been found to be risk factors for DEE during CAS [ 41 ]. 
Additionally, stent type (open or closed) may also contribute differentially to 
DEE frequency and severity in CAS [ 30 ,  31 ]. 

 CEPD may not be considered neuroprotective in all CAS cases. The decision 
to use a CEPD should be individually based and take into consideration other 
factors that may lead to poor outcome [ 34 ,  37 ].  

•    Investigative practices  
 There are multiple clinical trials currently underway and in the pipeline to inves-
tigate the long-term clinical effects of DEE and which device systems may most 
effectively reduce PCEP/DEE occurrence in CAS:

 –    Effects of Carotid Stent Design on Cerebral Embolization [ 42 ]  
 –   Silent Cerebral Infarcts After Carotid Endarterectomy or Stenting and the 

Risk of Cognitive Decline [ 43 ]  
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 –   Effects of Cerebral Protection with Filters vs. Flow Reversal on Cerebral 
Embolization After Carotid Artery Stenting [ 44 ]  

 –   Diffusion Weighted-MRI Based Evaluation of the Effectiveness of 
Endovascular Clamping During Carotid Artery Stenting with the Mo.Ma 
Device [ 45 ]        

   Magnesium Endovascular Therapy 

•     Investigative practices 
 Magnesium functions in multiple capacities including as an antagonist to the 
 N -methyl- D -aspartic acid (NMDA) and calcium channel receptors that aid in lim-
iting ischemic effects. These, in addition to its excellent blood–brain barrier per-
meability and index of safety, have made it a potential neuroprotective therapy in 
hyperacute and acute stroke [ 46 – 48 ]. 

 Although past large trials [ 7 ,  8 ] have not found intravenously delivered mag-
nesium to provide a defi nite neuroprotective benefi t in stroke, targeted delivery 
through endovascular means may. A multicenter phase I/II safety and feasibility 
evaluation of intra-arterial delivery of magnesium in endovascular treatment of 
hyperacute large-vessel occlusive ischemic stroke is currently enrolling patients 
[ 49 ]. In this study, magnesium is locally infused via catheter to the affected vas-
cular territory prior to revascularization. If endovascular delivery of magnesium 
is determined safe and feasible, its phase III evaluation on clinical outcome is 
expected. Such evaluations may help determine the role for neurointervention in 
neuroprotection therapies and approaches in management of hyperacute isch-
emic stroke.     

   Nimodipine 

•     Investigative practices 
 Nimodipine’s success as an oral/intravenous prophylaxis against subarachnoid 
hemorrhage (SAH)-related vasospasm has led to its investigative crossover use 
in the endovascular management of SAH with promising outcomes. In multi-
ple small, single-center series, intra-arterial delivery of nimodipine has been 
associated with improved clinical and radiographic outcomes especially in 
cases of refractory vasospasm [ 50 ,  51 ]. Drug delivery is achieved through 
intra-arterial infusion to the affected cerebral arteries after catheter placement 
in the relevant internal carotid or vertebral artery. Future trials are necessary to 
determine the role neurointervention will play in the management of SAH-
related vasospasm.      
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   Periprocedural Neuroprotection 

   Glycemic Regulation 

•      Current practices  
 Hyperglycemia in acute stroke carries multiple deleterious effects. It augments 
multiple neurotoxic pathways of the ischemic cascade exacerbating neuronal 
injury in acute stroke [ 1 ,  52 – 55 ]. Furthermore, it worsens stroke-related morbid-
ity and mortality outcomes and may negatively impact clinical responses to and 
complications of thrombolytic therapies [ 52 – 54 ]. Consequently, euglycemic 
control has been incorporated into standardized management of acute stroke at 
stroke centers because of its neuroprotective potential. In line with this, neuroin-
tervention periprocedural management for acute ischemic stroke should include 
a euglycemic goal range. This may be accomplished through adherence to 
approved protocols of care that address proper diet, intravenous fl uids, and indi-
cations for aggressive insulin therapy.  

•    Investigative practices  
 Although a great deal of evidence supports the neuroprotective benefi ts of eugly-
cemic maintenance in acute stroke, past large, multicenter trials have shown only 
nonsignifi cant clinical benefi ts of aggressive glycemic regulation [ 54 ,  55 ]. 

 The Stroke Hyperglycemia Insulin Network Effort (SHINE) is a phase III trial 
that may fi nally prove the neuroprotective benefi ts of euglycemia in acute stroke. 
The trial is currently enrolling patients to evaluate the role of euglycemic main-
tenance as a neuroprotective adjunctive therapy to thrombolytic and endovascu-
lar therapies in acute ischemic stroke [ 56 ,  57 ]. It is one of a few fi rst-of-its-kind 
combination therapy studies in acute ischemic stroke and holds promise for 
improving on the clinical responses and complications seen with acute ischemic 
stroke therapies.     

   Hypothermia 

•      Current practices  
 Hypothermia is protective against cellular injury through its reduction of energy 
requirements and limiting of neurotoxic processes [ 1 ,  58 ,  59 ]. Past trials have 
supported hypothermia’s neuroprotective benefi t [ 59 – 61 ] and have led to its use 
in critical care management of life-threatening neurological disease states such 
as SAH that may also require neurointervention. Hypothermia may be achieved 
and maintained through either device-based external or endovascular means. 
Critical care protocols guide hypothermic indication and management on a site- 
specifi c basis. Neurointervention periprocedural management may therefore 
necessarily include hypothermic regulation if clinically warranted.  
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•    Investigative practices  
 Although hypothermic regulation and neurointervention are used conjunctively 
in stroke management, it is undetermined how the two affect one another and 
clinical outcomes. Multiple clinical trials are currently underway to better under-
stand hypothermia’s neuroprotective role in acute stroke treatment apart from 
and in combination with thrombolytic and endovascular therapies:

 –    Reperfusion with Cooling in Acute Cerebral Ischemia (ReCCLAIM) [ 62 ]  
 –   Hypothermia in Acute Ischemic Stroke—Surface Versus Endovascular 

Cooling (HAISE-SE) [ 63 ]  
 –   A Randomized Trial Comparing 2 Methods for Rapid Induction of Cooling in 

Stroke Patients (iCOOL 3) [ 64 ]  
 –   Controlled Hypothermia in Large Infarction (CHILI) [ 65 ]  
 –   The Intravascular Cooling in the Treatment of Stroke 2/3 Trial (ICTuS 2/3) 

[ 66 ]       

 In addition to systemic hypothermic regulation, selective cerebral hypothermic 
regulation has been considered of potential neuroprotective benefi t and has become 
a possibility because of neurointervention. A single series demonstrated that rapid 
and effective cerebral hypothermia in isolation was safe and feasible with endovas-
cular infusion of cold saline to a targeted ICA, setting the stage for further clinical 
testing [ 67 ].  

   Nimodipine Therapy 

•      Current practices  
 Nimodipine is an L-type calcium channel antagonist that is one of the few well- 
established neuroprotective medical therapies in stroke. Indicated for the pre-
vention of neurological injury related to vasospasm following SAH, it is a 
mainstay oral/intravenous therapy of critical care SAH management and should 
be used as clinically warranted in cases that include neurointervention therapies 
as well [ 68 ].  

•    Investigative practices  
 Results support neuroprotective benefi t on outcomes with periprocedural 
nimodipine in the neurointerventional management of SAH. One small case 
series showed reduced vasospasm and silent ischemia with long-term intrave-
nous nimodipine after endovascular coiling [ 69 ]. Therefore, nimodipine in the 
periprocedural period appears to benefi t neurointervention outcomes in SAH, but 
its indications and dosing require further evaluation.      
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   Neuroprotection Success in the Future: 
Neurointervention’s Role 

 Although the fi eld of neuroprotection has made many promising advances at the 
basic science level, it has enjoyed few successes in the clinical realm. Many reasons 
likely account for this disparity and extend beyond the scope of this chapter, but 
certainly include past limitations in translational research design and methodology. 
Apart from improvements in its translational research, what are some other neces-
sary keys to success for the fi eld? Also, what role does neurointervention play in 
achieving this success for neuroprotection? 

 One likely key to neuroprotection’s success is a multimodal, combined therapy 
approach to stroke treatment. As a complex disease state, stroke conceivably 
requires complex management. While one agent or therapy may not provide a clini-
cally appreciable effect, its use in combination with any number of others may. 
Successful combined methods of treatment will presumably span not only the phar-
macological but also the physiological and mechanical. In addition, the ongoing 
advent of singular and combined novel therapies and techniques affords a continu-
ous source from which further to develop, refi ne, and build upon existing multi-
modal approaches. 

 Neurointervention appears poised to play an important role in this multimodal 
approach to neuroprotection. For one, neurointerventional therapies may be readily 
combined with other systemically delivered or externally based neuroprotective 
therapies in synergistic fashion. In fact, one recent study showed that intravenous 
delivery of the neuroprotective agent, NA-1, in the neurointerventional post- 
procedural period was not only feasible, but even provided a benefi t in outcome 
[ 70 ]. Other trials currently investigating the benefi ts of combining neurointerven-
tion with other neuroprotective therapies include:

•    SHINE [ 56 ,  57 ]  
•   Genervon-sponsored evaluation of the neurotropic    GM6 [ 71 – 73 ]  
•   Field Administration of Stroke Therapy—Magnesium (FAST-MAG) [ 46 ,  74 ]    

 Notably, FAST-MAG is the fi rst-of-its-kind large, multicenter site trial investi-
gating the effects of prehospital administration of a putative neuroprotective agent, 
magnesium, on stroke outcomes including revascularization treatments. It recently 
completed enrollment with reported results expected in the near future. 

 Strategies which augment revascularization and cerebral perfusion may also fea-
sibly be combined with neurointervention in future stroke care. While not tradition-
ally considered neuroprotective, these strategies’ promotion of tissue salvage 
justifi es their consideration as such. A few of these in clinical evaluation include:

•    Transcranial Doppler ultrasound [ 75 – 79 ]  
•   Thrombolytic adjunctive agents [ 80 ,  81 ]  
•   Enhanced external counterpulsation [ 82 – 84 ]  
•   NeuroFlo dual-balloon occlusive endovascular device [ 85 ,  86 ]    
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 In addition to ease of combination with other therapies, neurointervention also 
may improve neuroprotection in stroke because it affords selective and targeted 
treatment strategies. Through endovascular delivery, potential neuroprotective ther-
apies that were traditionally systemically delivered may now be administered to a 
targeted region of interest. Such precise means of delivery may allow for or enhance 
a neuroprotective benefi t. Examples that have been reported or are under investiga-
tion include those previously described:

•    Intra-arterial magnesium administration for acute stroke [ 49 ]  
•   Intra-arterial nimodipine administration for SAH-related vasospasm prevention 

[ 50 ,  51 ]  
•   Selective induction of cerebral hypothermia [ 67 ]    

 Neuroprotection in stroke management has and will continue to evolve as neuro-
intervention’s role in it expands. Current therapies and strategies provide promising 
support that the two will continue to infl uence, build upon, and advance one another 
through multimodal approaches that will improve the fi eld and its impact on the 
future care of stroke.     
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           Introduction 

 The    application of cell-based therapies to brain disorders is an emerging technology 
for which there is an urgent need [ 2 ,  3 ]. Cell-based therapies are being explored for 
cerebrovascular disorders such as ischemic stroke, neurodegenerative disorders 
such as Parkinson’s disease and ALS, and traumatic brain and spinal cord injury. In 
this chapter, we will review studies focused on endovascular delivery of cell-based 
therapies for ischemic stroke. We then provide a brief overview of cell-based thera-
pies under investigation for other neurological disorders.  

   Stroke 

 The only treatment approved by the FDA for acute ischemic stroke is IV tissue 
plasminogen activator (t-PA); however, only a minority of patients are eligible to 
receive it [ 4 ] because the drug must be administered within 3–4.5 h after symptom 
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onset, according to regulatory guidelines. There are no approved effective treat-
ments to reverse or repair brain damage associated with stroke. New therapeutic 
approaches using cells, rather than drugs, hold the promise of promoting repair of 
the injured brain. A growing body of extensive animal data suggests that cell thera-
pies derived from a range of tissues (whether they are embryonic, fetal, or adult) 
improve neurological outcome in rodent models of stroke [ 5 – 10 ].  

   Cell Therapies and Mechanisms 

 Among “cell therapies” there are different types of cells that fall into the categories 
of embryonic, fetal, and adult cell types, all of which are under development as 
potential new treatments for neurological disorders. 

 Multiple mechanisms of actions [ 11 ] have been described after intravenous and 
intra-arterial administration [ 12 ,  13 ] of cell therapies. These mechanisms can be 
dichotomized into paracrine and immunomodulatory actions. It is highly unlikely 
that any of the cells used in current cell therapies which are under development will 
actually differentiate into functional neurons. Therefore, cell transplantation and 
replacement of damaged tissue are not the principal mechanism of action of current 
cell therapies.
Most studies support the following mechanisms by which cell therapy works: 

  Neurogenesis and effects on astrocytes, oligodendrocytes, and axons     Some types 
of cell therapies stimulate the brain parenchyma to secrete neurotropic factors such 
as basic fi broblast growth factor and brain-derived neurotrophic factor which acti-
vate pathways leading to enhanced survival, proliferation, differentiation, and 
migration of neural progenitor cells [ 14 ].  

  Angiogenesis and neurogenesis     Several studies suggest that many types of cell 
therapies release growth factors that stimulate neurogenesis in the subventricular 
zone as well as the formation of new blood vessels in the peri-infarct area [ 15 ,  16 ]. 
Whether these processes underlie recovery promoted by stem cells is unknown. 
Angiogenesis and neurogenesis are closely interrelated and have been observed in 
the brains of patients with stroke. In a small study, there was a positive correlation 
between microvessel density and patient survival [ 15 ]. There is increased synthesis 
of angiogenic growth factors such as FGF-2, PDGF, and VEGF and their receptors 
in the brain after stroke [ 10 ,  16 ].  

  Immunologic mechanism     In rodent models, the adrenergic response post stroke has 
been associated with the release of immunological cells from the spleen that con-
tribute to secondary injury and exacerbation of the ischemic lesion. Intravenous 
umbilical cord blood cells prevent splenic release of immunological cells and 
decrease secondary injury in the brain [ 17 ]. Other cell types may exert similar 
mechanisms in the spleen [ 18 ]. Different types of cell therapies have also been 
shown to express anti-infl ammatory cytokines that may reduce brain damage due to 
post-stroke infl ammation [ 19 ].   
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   Pros and Cons of Endovascular Delivery 

 There are currently multiple early phase studies employing different routes of cell 
therapy administration: intravenous, intra-arterial (IA), intrathecal, and direct intra-
cerebral transplantation. In stroke, there is debate about which route is optimal. The 
intravenous route is least invasive, while the endovascular route (1) selectively tar-
gets cells to an area of injury within the brain, (2) delivers a more concentrated 
number of cells at a lower dose to the brain, and (3) bypasses the entrapment of cells 
in peripheral organs. Overall, IA could lead to better control of cell delivery and 
cover a greater surface area within the brain at a lower dose compared to other deliv-
ery routes. However, there are clear risks that need to be addressed. IA delivery of 
cells can lead to microvascular plugging and a reduction in cerebral blood fl ow. This 
risk likely depends on a number of factors including cell size, number of cells 
injected, the adhesiveness of the cells, the target arteries involved, and the infusion 
rate [ 20 ,  21 ].  

   Types of Stem Cell Therapies 

 Currently there are different types of stem cells under investigation for neurological 
disorders [ 6 ,  10 ,  13 ,  17 ,  22 ]. In this chapter we will focus mainly on bone marrow- 
derived cells as those are the most commonly studied cells in animal models of 
stroke and in early-stage clinical trials. 

  MNCs     We begin with  bone marrow mononuclear cells  (MNCs). These cells are a 
mixture of various cell subpopulations including hematopoietic and mesenchymal 
stem cells as well as various mature cells. MNCs can be rapidly isolated from 
patients after bone marrow aspiration, permitting autologous applications for 
patients with acute to subacute stroke. MNCs have been found to reduce infl amma-
tory processes and upregulate various repair mechanisms such as neurogenesis [ 14 , 
 16 ,  23 ,  24 ]. Several small clinical studies have reported the safety of IA delivery of 
MNCs in patients with ischemic stroke [ 25 ,  26 ].  

  Aldehyde dehydrogenase bright (ALDH br) cells     A Cytomedix sponsored random-
ized double-blind study to test the safety and effi cacy of autologous ALDH bright 
cells in patients with recent ischemic stroke has recently completed enrollment. It 
could be described as the most advanced clinical trial of IA cell therapy to date. 
ALDH br cells are isolated and sorted from bone marrow MNCs based on the expres-
sion of aldehyde dehydrogenase. Stem cells within bone marrow are highly enriched 
with this enzyme, and therefore ALDH br cells represent a concentrated mixture of 
different types of stem cells. The trial was conducted in the USA, enrolled patients 
within 13–19 days after stroke onset, and involved a bone marrow harvest followed 
2 days later by intracarotid infusion of autologous ALDH br cells. The control group 
underwent a sham bone marrow harvest and sham endovascular procedure. The site 
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of infusion was the distal ICA beyond the ophthalmic takeoff. Patients with greater 
than 50 % stenosis of the ipsilateral carotid were excluded, but patients who under-
went carotid revascularization in the fi rst few days after stroke were eligible for trial 
participation. After enrollment of 48 patients, there was suffi cient power to deter-
mine if there was a signifi cant difference in the mRS scale, the primary end point, 
between the two groups. Brain imaging performed within 24 h of the endovascular 
procedure assessed safety. The clinical results of this trial have not been released.  

  MSCs      Mesenchymal stem cells  are another population of cells with therapeutic 
activity that can be purifi ed from bone marrow and other tissues such as adipose or 
umbilical cord blood. MSCs require growth in cell culture and are the main cell type 
that because of their large size can cause microvascular obstruction and reduced 
blood fl ow after intra-arterial injection to the CNS [ 20 ,  27 ]. Therefore, there are 
many preclinical variables and questions to address before the IA delivery of MSCs 
can advance to clinical trials for stroke [ 6 ,  20 ,  21 ,  27 ]. It will also be important to 
determine whether IA delivery is more effective at enhancing stroke recovery than 
IV delivery when procedural risk is taken into consideration. MSCs would have to 
be allogeneic for an acute study, autologous for delayed study.   

   Summary of Clinical Trials 

     1.    Type of stem cells under investigation in stroke 
 As seen from Table  19.1 , most of the current clinical trials are investigating 
either bone marrow-derived stem cells whether BMMNCs or BMMSCs. There is 
one trial of adult-derived autologous adipose tissue, but it is unclear whether they 
will only investigate the endovascular route or will do a combination of IV and 
IA routes. Most of the ongoing studies to date have not demonstrated any safety 
concerns. However, they are in the early stages and caution must be used in inter-
preting these results.

       2.    Endovascular approach 
 Most trials have targeted the MCA or distal internal carotid artery as the princi-
pal site of injection. The types of catheters and microcatheters used in these stud-
ies are not always reported. We believe that microcatheters should be studied for 
compatibility with the cell product. There had been initial concern that too small 
an inner diameter could lead to cell damage during the delivery process. Every 
clinical trial should complete validation runs to test for biocompatibility as part 
of regulatory requirements. Various catheters have been tested for their impact on 
cell viability [ 12 ,  27 ,  28 ]. However, the functional effects of catheter passage 
using different types of media and solutions are not very well defi ned. Our pre-
liminary fi ndings suggest that the media, catheter passage, and exposure to hepa-
rin/contrast can play a role in activating certain cytokines released from the cells, 
and these changes might lead to different functionality of the cells [ 28 ]. With 
regard to needles, based on published reports, it appears that one can use even a 
26-gauge needle without damaging the cells [ 27 ].      
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   Neurodegenerative Disorders 

 There are no large-scale trials using stand-alone endovascular approaches to deliver 
therapeutic cells in neurodegenerative disorders. There has been a randomized con-
trolled trial of 33 patients with multisystem atrophy (MSA) in which MSCs were 
injected by intra-arterial and intravenous routes [ 29 ]. The trial suggested that MSA 
patients treated with MSCs had a delay in progression of their defi cits compared 
with placebo. However, there were small ischemic lesions found on imaging in the 
intra-arterial group. Although the clinical signifi cance is unknown, these fi ndings 
validate concern that IA delivery of certain types of stem cells can cause tissue 
injury. Before expanding to new trials, further studies are needed to better under-
stand the variables that contribute to tissue injury and how best to reduce these risks. 
There have also been a few reports of patients with Parkinson’s disease (PD) receiv-
ing stem cells by IA delivery [ 30 ], and a clinical trial is listed on clinicaltrials.gov 
testing autologous, adipose-derived MSCs by IV and IA routes for patients with PD.  

   Conclusion 

 In summary, endovascular delivery of cell-based therapies is currently at an early, 
investigational stage. A number of practical, scientifi c, and translational issues need 
to be better studied, but we anticipate that this mode of delivery will become a pre-
ferred approach in the future to administer cells for a wide range of neurological 
disorders.     
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