
Clinical Review of 
Vascular Trauma

Anahita Dua 
Sapan S. Desai  
John B. Holcomb
Andrew R. Burgess
Julie Ann Freischlag 
Editors

123



  Clinical Review of Vascular Trauma 



 



       Anahita   Dua     •    Sapan S.   Desai     
   John B.   Holcomb     •    Andrew R.   Burgess      
   Julie Ann   Freischlag     
 Editors 

 Clinical Review 
of Vascular Trauma                           



 ISBN 978-3-642-39099-9      ISBN 978-3-642-39100-2 (eBook) 
 DOI 10.1007/978-3-642-39100-2 
 Springer Heidelberg New York Dordrecht London 

 Library of Congress Control Number: 2013950485  

© Springer-Verlag Berlin Heidelberg   2014 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifi cally the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfi lms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material 
supplied specifi cally for the purpose of being entered and executed on a computer system, for 
exclusive use by the purchaser of the work. Duplication of this publication or parts thereof is 
permitted only under the provisions of the Copyright Law of the Publisher's location, in its 
current version, and permission for use must always be obtained from Springer. Permissions for 
use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable 
to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specifi c statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility 
for any errors or omissions that may be made. The publisher makes no warranty, express or 
implied, with respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

 Editors 
   Anahita   Dua, MD   
  Department of Surgery
Medical College of Wisconsin   
  Milwaukee ,  WI  
 USA 

Center for Translational Injury Research
Houston, TX
USA

     Sapan S.   Desai, MD, PhD, MBA   
Department of Surgery
  Duke University   
  Durham,   NC  
 USA 

Department of Cardiothoracic 
and Vascular Surgery
 University of Texas Medical School   
 Houston,   TX  
 USA 

     John B.   Holcomb, MD   
 Division of Acute Care Surgery 
Department of Surgery ,  Center for 
Translational Injury Research (CeTIR) 
 Houston,   TX  
 USA 

  Department of Surgery  
 University of Texas 
  Houston,   TX  
 USA 

     Andrew R.   Burgess, MD   
  Department of Orthopedic Surgery 
University of Texas   
  Houston,   TX  
 USA 

     Julie Ann   Freischlag, MD   
    John Hopkins Medical Institutions 
  Baltimore,   MD  
 USA   

www.springer.com


  Dedicated to all of our trauma patients – past, present, 
and future 



 



vii

 The American Heritage Dictionary of the English Language defi nes evolu-
tion as a gradual process in which something changes into a signifi cantly 
different, especially more complex or more sophisticated, form. The same 
dictionary defi nes revolution in several ways. For this foreword, I would use 
an assuredly momentous change in any situation. I believe these two defi ni-
tions apply to the last 10 years in vascular injuries. What has caused this 
evolution/revolution? Clearly, there are many issues. To a great extent, it is 
the vendors who provide endovascular stents in the rapid evolution from the 
original stents for the thoracic aorta to almost any vessel in the human body. 
An equally important concept was when surgeons stepped forward and 
learned the techniques of interventional radiologists. Another evolutionary 
concept was the hybrid operating room where surgery could be carried out as 
well as placement of endovascular prosthetics. This is an extremely important 
concept because we are just now developing management protocols in 
patients with vascular injuries. There are some signifi cant problems. When 
does the surgeon make a decision to locate the injury with open surgery, 
tomography, or arterial visualization with injected contrast agents into the 
vascular system? Alternatively, if an injury can be demonstrated, it may be 
simpler to control the bleeding blood vessel (artery or vein) by balloon tech-
nology. Protocols and treatment algorithms will help as more experience is 
gained over the next few years. It will be particularly important to defi ne our 
limitations particularly in some vascular areas. The use of stents may not be 
the best for intracranial acute vascular injuries. 

 This book  Clinical Review of Vascular Trauma  is one of the fi rst of many 
to take on the challenge of defi ning the problems today, and in their fi rst part 
they address vascular surgery essentials. This part outlines general vascular 
principles such as the use of vascular diagnostics, scoring systems, and the 
hematologic perspectives that includes a discussion on anticoagulation, vas-
cular trauma resuscitation, and hemostatic monitoring. The subject of anti-
coagulation is extremely important. From my perception, anticoagulation 
contributes more to morbidity than any one other single entity. Other chap-
ters in vascular surgery essentials include an overview of vascular trauma, a 
chapter on the mangled extremity, and another chapter by Burgess on fasci-
otomy. These are important due to recent activities in the Middle East as 
well as the bombing in Boston. The chapter on surgical critical care is par-
ticularly important because I believe the vascular surgeon must be involved 
in critical care decisions. Very few interventional radiologists care about 
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surgical critical care and delegate it to other specialties. There must be surgi-
cal input! 

 The rest of the book is dedicated to the various regions of the anatomy, and 
the second part is on cerebral vascular and upper extremity injuries. This part 
is particularly important because of the limitations of some of the bony canals 
and the skull base. 

 The third part is on the chest which is the area where endovascular surgery 
had its beginnings. The fourth part is on abdominal vascular injuries and 
focuses on the abdominal aorta and the branches. I think there is particular 
merit in having a separate subsection of the IVC and other major veins. 
During my surgical career I have gained a major respect for large veins. 
I have successfully repaired avulsion of the left hepatic vein in two patients 
and avulsion of the right hepatic vein in two patients with one survivor. 

 The pelvis is the fi fth part and this can be very important to the patient 
with grade IV and V pelvic fractures. 

 The sixth part covers the lower extremity and this particular anatomical 
region is evolving rapidly. I am also pleased to see a special consideration of 
military injuries, pediatric and vascular trauma, neurologic injuries, and the 
use of shunts particularly in far forward military situations. This concept 
could be used in rural areas, particularly farm country where vascular injuries 
are common but the surgeons are not there to care for them. Why not teach 
the same concepts of shunts to the rural general surgeon? 

 I believe that modern vascular trauma surgery is an exciting and worth-
while venture. Hopefully, we will be able to develop treatment protocols 
based on experience that would tell us whether to open a chest or abdomen to 
gain control or we can do it with balloons above or below the injury or directly 
in the injured artery or vein. 

 Portland, OR, USA   Donald Trunkey, MD    

Foreword
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         Caring for people who are affl icted by trauma is an honor and a privilege. 
These people who come into our trauma bays are exactly that, people; hence 
in trauma, there is no such thing as a “vascular” patient, an “orthopedic” 
patient, or a “plastics” patient. There is but the patient. 

 As surgeons we certainly strive to provide excellent, holistic care for our 
patients but sometimes the silo nature of our healthcare systems hinders 
instead of helps. Specialist services have taken over for the general surgeon 
in many areas with a noble aim: to provide expert care by dedicated surgeons. 
However, this double-edged sword can simultaneously prevent us from 
engaging as we should with other disciplines, and it is this issue of communi-
cation that can lead to devastating consequences for our patients. This book 
was inspired by a patient who sustained a gunshot wound to the abdomen 
resulting in a bowel and iliac injury. After trauma surgery stabilized the 
patient, vascular surgery was consulted to fi x the iliac artery injury. They 
opted to use vein graft which got infected and disintegrated 7 days later, lead-
ing to frank hemorrhage and near death for our patient. As per the “vascular” 
literature, the choice of conduit was correct: a contaminated fi eld meant vein 
graft to reduce the infection risk. However, recent “trauma” literature from 
the Iraq and Afghanistan wars advocated for the use of prosthetic graft in a 
contaminated fi eld to avoid the complication we faced with our patient. The 
correct approach here would have been for both the vascular and trauma 
teams to have been aware of each other’s literature so an informed, best- 
practice decision could have been made for our patient. This text is an attempt 
to bring together evidence from multiple fi elds that are involved in the care of 
trauma patients with vascular pathology. 

 This book is broken down by vessel injury so it may serve as a reference 
for any orthopedic, vascular, trauma, acute care, plastics, or cardiothoracic 
surgeon during that 2 AM trauma call. Every part has been meticulously 
reviewed by surgeons from various disciplines so that chapters provide a 
 consensus between the disciplines. Our senior editors include a professor of 
trauma and acute care surgery (Dr. Holcomb), a professor of vascular surgery 
(Dr. Freischlag), and a professor of orthopedic surgery (Dr. Burgess) along 
with a vascular fellow (Dr. Desai) and myself (Dr. Dua) a general surgery 
resident. We are an example of the team that would come to the trauma bay 
to take care of a vascular trauma patient, and all viewpoints are an essential 
part of this book as they should be an essential part of patient care. 

  Pref ace  
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 This text includes dedicated chapters on the mangled extremity and fasci-
otomy, written by Dr. Burgess, an orthopedic surgeon. In our medical system, 
mangled extremities are managed by the trauma or vascular surgery team. 
Today, barely any house staff have any orthopedic rotations or basic clinical 
experience in the diagnosis of high-energy musculoskeletal injury, especially 
when combined with signifi cant vascular injury. Therefore, a text of this 
nature brings the orthopedic viewpoint to the forefront so it can be a consid-
eration during a trauma call by all members of the surgery teams involved. 

 The overall mission of this book is to optimize the care of trauma patients 
using a multidisciplinary approach. 

 Houston, TX, USA   Anahita Dua, MD  

Preface
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  Introduc tion     

     At an urban trauma center, a 15-year-old victim of violence arrives in the 
emergency department with a GSW through his knee. His distal femur is 
shattered and his popliteal artery and vein are transected. In the operating 
room, the orthopedic surgeons bring his leg out to length and stabilize the 
fracture with an external fi xator, while the trauma surgeons harvest the saphe-
nous vein from the opposite leg for the interposition graft. Meanwhile, in the 
mountains of Afghanistan, a Marine on foot patrol suffers a dismount injury 
as the result of an IED. His buddy applies a tourniquet to his injured extrem-
ity, and he is brought to a Role 4 far forward post where a general surgeon 
from a community hospital who serves in the Army reserve inserts a shunt 
into his superfi cial femoral artery and prepares the warrior for transfer to a 
combat support hospital where an Air Force vascular surgeon will perform 
the defi nitive repair of the vascular injury. And somewhere in the middle of 
the United States, a young woman survives a major motor vehicle crash but 
arrives in hemorrhagic shock bleeding from her pelvic fracture. An interven-
tional radiologist successfully performs an embolization of her internal iliac 
artery and then assists the vascular surgeon with placement of the endovascu-
lar stent that bridges across her lacerated thoracic aorta. 

 As can be appreciated from the above scenarios, the fi eld of vascular sur-
gery does not belong to any one discipline. Indeed, the recently published, 
multicenter study authored by Shackford et al. (J Trauma Acute Care Surg, 
2013;74:716) illustrates that trauma/general surgeons and vascular surgeons 
have equivalent outcomes following repair of peripheral vascular injuries as 
long as the principles of both vascular surgery and trauma surgery are adhered 
to. Recognizing the multidisciplinary nature of the subject, the editors of this 
textbook have included authors from a wide variety of fi elds, a feature that 
makes this textbook both unique in its contributions and useful as a reference 
for physicians who encounter vascular injuries, regardless of their training 
and irrespective of the setting. 

 The book is divided into seven parts. The fi rst part contains a useful review 
of the advantages and limitations of various imaging techniques in the diag-
nosis of vascular injuries by Byrne and Darling. They emphasize three 
 relatively recent valuable advances in this area: the omnipresent computed 
tomographic angiography (CTA), FAST ultrasound exams, and the “hybrid” 
operating room that facilitates diagnosis, open, and endovascular techniques, 
all of which can be accomplished without moving the patient out of the room. 
The chapter on hematologic perspectives by Johansson should be required 
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reading for all physicians dealing with vascular trauma. He emphasizes the 
importance of an organized transfusion therapy including packages of red 
blood cells, plasma, and platelets guided by viscoelastic hemostatic assays 
(VHA) provided by TEG or ROTEM. The potential benefi t of antifi brinolytic 
agents such as TXA following severe injury and shock is a relatively recent 
discovery and one that requires further investigation. Another proposed topic 
ripe for prospective research is the development of a scoring system that is 
capable of predicting mortality based on the severity of the vascular injury. 
Also unique to this vascular textbook is a chapter on ICU care containing 
detailed guidelines for monitoring for compartment syndrome in neurologi-
cally impaired patients, control of blood pressure in patients with blunt tho-
racic aortic injuries undergoing delayed repair, the medical treatment of blunt 
cerebral vascular injuries, and recommendations on venous thromboembolic 
prophylaxis in critically injured patients. 

 The next fi ve parts include in-depth descriptions on the management of 
vascular injuries by anatomic area: cerebrovascular and upper extremity, tho-
racic, abdominal, pelvic, and lower extremity. Brasel and her coauthor reem-
phasize the importance of the hybrid operating room for the treatment of the 
notoriously diffi cult bleeding vertebral artery injury. Hadro and Gross high-
light the major innovations from military and civilian experience that have 
improved upper extremity limb salvage including arterial repair over ligation, 
enhanced resuscitation and transport programs, targeted antibiotic therapy, 
imaging techniques, microvascular repair, an understanding of the impor-
tance of concomitant vein repair, timely fasciotomy, endovascular techniques, 
and VAC wound care therapy. Although uncommonly encountered, the 
review of radial and ulnar arterial injuries is valuable and suggests that hand 
surgeons should be considered part of the “vascular trauma team.” The over-
view of chest trauma includes a contemporary review of the indications for 
and technique of performing emergency department thoracotomy, an appro-
priate study for all physicians involved in vascular trauma. Pharaon and 
Schreiber provide an excellent description of the technique of endovascular 
repair of the subclavian artery and once again emphasize the value of a hybrid 
operating room for such procedures. The complications of TEVAR therapy 
for thoracic aortic injuries, nicely summarized in the chapter by Al-Adhami, 
should be familiar to all vascular surgeons, trauma and acute care surgeons, 
as well as interventional radiologists. Another unique feature in this book is 
the chapter on the diagnosis and treatment of thoracic duct injuries, adding 
VATS to the treatment algorithm. 

 In the part on abdominal vascular injuries, Starnes reviews newer tech-
niques in the management of blunt aortic injuries including the use of chest 
tubes as temporary shunts and placement of a transfemoral intra-aortic occlu-
sion balloon (IAOB) for temporary control preoperatively and categorizes the 
types of injuries that could be managed nonoperatively and which ones would 
be amenable to endovascular approaches. Placement of an IAOB can be life-
saving and should be mastered by all surgeons who provide emergency cov-
erage. Coimbra and coauthors provide a nice review of abdominal vascular 
anatomy and the various approaches to injuries of these vessels. In the chap-
ter on iliac artery injuries, we are again reminded that outcomes are improved 
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when the trauma, vascular, and interventional services work in close collabo-
ration. The part on lower extremity vascular trauma emphasizes the impor-
tance of performing, recording, and repeating the Doppler-derived ABI 
following both blunt and penetrating lower extremity trauma and importantly 
both before and after an associated fracture reduction. Additionally, pre- 
repair placement of orthopedic hardware requires communication between 
the orthopedic surgeon and the trauma/vascular surgeon to facilitate exposure 
of the accompanying vascular injury. Fox, in his chapter on femoral and pop-
liteal artery trauma, opines that the new acute care surgeon should be compe-
tent in endovascular techniques, given the continued emergence of this area 
in the fi eld of vascular trauma. He also suggests that in the face of extensive 
soft tissue injury in the leg, a longer tunneled interposition graft placed out-
side of the fi eld of injury may avoid contamination and late graft rupture. The 
review of renovascular injuries provided in this textbook is appropriate for all 
involved in trauma care, including urologists. 

 The last part of this textbook includes chapters on a variety of relatively 
unique subjects in vascular injury. Heinzerling and Sato outline the nuances to 
be considered in treating pediatric patients, including the importance of vigi-
lance for potential vascular injury in the presence of supracondylar fractures 
of the humerus, the association between pedestrian crashes and thoracic aortic 
injuries in children, and the potential for limb length discrepancy following 
vascular trauma in very young patients. The important contributions of mili-
tary medics deployed in the current military confl icts are nicely reviewed by 
Fox, including the advantages of a two-team surgical approach. Rasmussen 
provides the reader with a detailed description of the use of vascular shunts, 
including tips on how to avoid complications and maximize success of this 
important limb-saving and occasionally lifesaving technique. As important as 
vascular repair is to limb salvage, nerve injuries, well summarized in this part, 
must also be addressed in order to maximize functional outcomes. 

 In summary, this textbook has relevance to an all-inclusive vascular trauma 
“team” that includes surgeons from many disciplines (trauma, vascular, tho-
racic, orthopedic, plastics, pediatric, urologic, and military) as well as the 
integrated nonsurgical fi elds of emergency medicine and radiology. Following 
carefully designed practice management guidelines that are patient centered 
and disease specifi c, as promoted in this book, assures the highest possibility 
of a favorable outcome following even the most complex vascular injury. 

 San Francisco, CA, USA   M. Margaret Knudson, MD  
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1.1            Introduction 

 Classically, vascular injury mechanisms are 
divided into penetrating or blunt. Following blunt 
trauma, tissue injury is produced by local com-
pression, rapid deceleration, and the resulting 
shear forces. In penetrating trauma, the injury is 
produced by crushing and separation of tissues 
along the path of the penetrating object along 
with the resulting concussive shockwave. 
Understanding the biomechanics of specifi c inju-
ries is important in determining the potential for 
vascular injury and the subsequent hemodynamic 
consequences of these injuries. Injury severity is 
proportional to the amount of kinetic energy 
(KE) transferred to the tissues, which is a func-
tion of the mass ( M ) and velocity ( V ); 
KE =(  M  ×  V  2 )/2. This relationship is valid for 
both blunt and penetrating injury mechanisms. 
Small changes in velocity alter the kinetic energy 
transfer more signifi cantly than do changes in 
mass. This is critical when evaluating high- and 
low- velocity gunshot wounds and their corre-
sponding injury potential. 

 This chapter focuses on vascular trauma and 
the decision processes associated with the 
workup and treatment of these injuries, both open 
and endovascular. Vascular injuries resulting 
from blunt, penetrating, and iatrogenic sources 
are considered in the following pages. Injuries 
are grouped in a “head-to-toe”-type organization, 
similar to that encountered during a trauma sur-
vey. The major sections include:
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    1.    Head and Neck Vascular Injuries   
   2.    Thoracic Vascular Injuries   
   3.    Abdominal and Pelvic Vascular Injuries   
   4.    Peripheral (Extremity) Vascular Injuries     

 We present a general overview to the evalua-
tion and workup of each of these regions, fol-
lowed by a vessel-specifi c review of the current 
treatment options and recommendations.  

1.2     Head and Neck Injuries 

 Cervical vascular injuries are notoriously diffi -
cult to evaluate and manage as a result of the 
complex anatomy and confi ned narrow anatomi-
cal space of the neck. The initial evaluation of 
these injuries can often be obscured by associ-
ated injuries in the head, neck, and chest. In addi-
tion, signs of cerebral ischemia or focal 
neurologic defi cit may not be obviously present 
on initial evaluation due to patient condition, 
sedation, or the need for mechanical ventilation. 
Advances in noninvasive imaging (primarily 
computed tomography) have revolutionized the 

evaluation of stable patients with cervical vascu-
lar injuries. Injuries to the distal internal carotid, 
proximal common carotid, subclavian, and verte-
bral arteries are now amenable to endovascular 
adjuncts to arrest hemorrhage, stabilize dissec-
tions, or exclude pseudoaneurysms. Following 
penetrating cervical trauma, cervical blood ves-
sels are the most commonly injured structures in 
the neck, accounting for a 7–27 % stroke rate and 
a 7–50 % mortality rate [ 1 ]. Eighty percent of 
deaths in this population are stroke related. 

1.2.1     Penetrating Injury 

 The neck has classically been divided into three 
zones that dictate the diagnostic evaluation and 
treatment: zone I, below the cricoid cartilage; 
zone II, between the cricoid cartilage and 
the angle of the mandible; and zone III, above the 
angle of the mandible (Fig.  1.1 ). Zone II is the 
most commonly injured (47 %), followed 
by zone III (19 %) and zone I (18 %) [ 2 ]. The 
hard and soft signs of vascular injury are present 

Rate of injury
· Zone I - 18 %

· Zone II - 47 %

· Zone III -19 %

  Fig. 1.1    The three zones of 
the neck.  Zone I  is located 
below the cricoid cartilage. 
 Zone II  is located between the 
cricoid cartilage and the angle 
of the mandible.  Zone III  is 
located above the angle of the 
mandible. Injury to zone I 
occurs in about 18 % of 
patients with neck trauma, 
zone II injuries occur in 47 %, 
and zone III injuries occur 
in 19 %       
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in Table  1.1 . Ninety-seven percent of patients 
with hard signs have an associated vascular 
injury, as opposed to only 3 % of those with soft 
signs [ 2 ]. Because of this, patients with hard 
signs of a vascular injury should proceed directly 
to the operative suite for exploration and repair, 
provided that other injuries do not preclude this. 
All patients should at least have plain radiographs 
of the chest to diagnose occult hemopneumotho-
rax. Historically, exploration of cervical injuries 
based solely on platysma muscle penetration car-
ries an unacceptably high negative exploration 
rate of 50–90 % [ 3 ].

1.2.2         Blunt Injury 

 The overall incidence of blunt cerebrovascular 
injury (BCVI) has been universally reported as 
less than 1 % of all admissions for blunt trauma, 
but this relatively small population of patients 
has stroke rates ranging from 25 to 58 % and 
mortality rates of 31–59 % [ 4 – 6 ]. The incidence 
of BCVI is 0.19–0.67 % for unscreened popula-
tions and 0.6–1.07 % for screened populations 
[ 7 ]. The recognition and treatment of BCVI has 
evolved dramatically over the past two decades. 
As imaging technology has improved with 
respect to both image quality and acquisition 
times, CT has become a fundamental diagnostic 
tool in blunt trauma evaluation. A current grading 
scale for blunt cervical vessel injury is presented 
in Table  1.2 .

1.2.3        Evaluation 

 Computed tomography is the workhorse of 
trauma evaluation and should be the initial diag-
nostic step in patients with penetrating neck inju-
ries but no hard signs of vascular injury. 
Computed tomographic angiography (CTA) has 
a 90 % sensitivity and 100 % specifi city for vas-
cular injuries that require treatment [ 9 ,  10 ]. 
Occult injuries (intimal fl aps, dissections, pseu-
doaneurysms) identifi ed during the evaluation for 
penetrating cervical injury should be considered 
for management similar to those caused by blunt 
trauma. Table  1.3  summarizes the evaluation cri-
terion from three major investigator groups that 
should trigger CTA in the evaluation of blunt cer-
vical vessel injuries. CTA evaluation should 
always include the head and neck, and if zone 
I injuries are suspected, the aortic arch should 
also be included. This can be completed with a 
single contrast bolus in a well-timed exam.

1.2.4        Carotid Artery Injuries 

1.2.4.1     Treatment of Blunt Injuries I–IV 
 The mainstay of treatment for BCVI grades I–IV 
is antithrombotic therapy, traditionally with hep-
arin infusion followed by warfarin therapy [ 5 ]. 
Because of the concern for full anticoagulation of 
the recent trauma patient, others have  investigated 

    Table 1.1    Hard and soft signs of vascular injury   

 Hard signs  Soft signs 

 Shock/refractory 
hypotension 

 Non-pulsatile bleeding 

 Pulsatile bleeding  Stable hematoma 
 Audible bruit  Nerve injury 
 Enlarging hematoma  Unequal blood pressures/

pulse exam 
 Loss of pulse with 
neurologic defi cit 

 Proximity of injury tract 

  Hard signs of vascular injury are predictive of signifi cant 
vascular injury in 97 % of patients. Isolated soft signs pre-
dict signifi cant vascular injury in less than 5 % of patients; 
therefore, patients with only soft signs of vascular injury 
should undergo further work-up prior to an operative 
intervention  

   Table 1.2    Blunt cerebrovascular injury grading scale   

 Grade  Angiographic fi ndings 

 Stroke 
risk 
(%) 

 Mortality 
(%) 

 I  Luminal irregularity, 
dissection, or intramural 
hematoma with <25 % 
luminal narrowing 

 3  11 

 II  Luminal irregularity, 
dissection, or intramural 
hematoma with ≥25 % 
luminal narrowing 

 11  11 

 III  Pseudoaneurysm  33  11 
 IV  Vessel occlusion  44  22 
 V  Vessel transaction  100  100 

  Adapted from Biffl  et al. [ 8 ] 
 Angiographic criterion for the blunt cerebrovascular 
injury scale. Associated stoke and death rates are included 
as reference  

1 Overview of Vascular Trauma



6

the use of antiplatelet therapy alone [ 11 ,  13 ,  14 ]. 
Some have found lower stroke rates with hepa-
rin compared to antiplatelet therapy [ 6 ]. 
Unfortunately, there are no prospective head-to- 
head trials of heparin versus antiplatelet  therapy; 
therefore, a prudent protocol includes heparin 
therapy and transition to warfarin if an absolute 
contraindication to systemic anticoagulation 
does not exist. If full anticoagulation is not able 
to be completed, antiplatelet therapy should be 
initiated. These lesions all require  follow-up 
imaging with either CTA or  catheter-based 
 angiography anywhere from 1 to 3 months post- 
injury. Edwards et al. found that at 3 months, one 
can expect 72 % of grade I injuries to be com-
pletely healed [ 15 ]. Grade II injuries are fairly 
evenly distributed: 33 % are improved, 33 % are 
stable, and 33 % progress [ 15 ]. Grade III injuries 
tend to either remain unchanged or enlarge but 
rarely resolve [ 15 ]. These lesions typically have a 
low risk of rupture but can be a source of distal 
embolic events or thrombosis, and as such, con-
tinued anticoagulation is recommended [ 16 ,  17 ].  

1.2.4.2     Treatment of Penetrating 
Injuries and Grade V 
Blunt Injuries 

 The management of grade V blunt injuries (com-
plete transaction) and penetrating injuries is a 

much more complex decision tree. In essence, 
they may be treated as synonymous injuries. 
Penetrating injuries in zone II should be opera-
tively explored and repaired surgically. This can 
be accomplished via a cervical incision. The 
external jugular and facial veins may be ligated 
with little concern. Injuries to the internal jugular 
vein may be primarily repaired but can be ligated 
in emergency conditions if necessary. Whenever 
surgical intervention is undertaken, at least one 
leg must be prepped to allow for vein harvesting 
for patch or interposition conduit harvesting. 
Saphenous vein patch can be used to repair par-
tial injuries and should be harvested from the 
groin rather than the ankle. Alternatively, some 
have used bovine pericardium if no vein is pres-
ent, but this carries increased risk of infection in 
a contaminated fi eld. Injuries due to iatrogenic 
cannulation or from stab wounds can often be 
repaired primarily; ballistic injuries most often 
require segmental resection and interposition 
grafting. The saphenous vein offers a good size 
match for the internal carotid in these cases and 
in some cases for the distal common carotid. If 
size mismatch is an issue, some have proposed 
the use of the superfi cial femoral artery with 
interposition polytetrafl uoroethylene (PTFE) 
grafting in the superfi cial femoral artery (SFA) 
harvest location [ 4 ]. This allows for autologous 

   Table 1.3    Screening criteria for blunt cerebrovascular injury   

 Denver criteria a   Memphis criteria b   Modifi ed Biffl  criteria c  

 Arterial hemorrhage  Neurologic exam not explained by imaging  GCS <6 
 Expanding hematoma  Horner’s syndrome 
 Cervical bruit  Neck soft tissue injury (seat-belt sign, 

hanging, or hematoma)  Neurologic exam inconsistent with head 
CT fi ndings 
 New stroke on follow-up imaging 
 New focal neurologic defi cit 
 Le Fort II or III fracture pattern  Le Fort II or III fractures  Le Fort II or III fractures 
 Basilar skull fracture with involvement of 
carotid canal 

 Basilar skull fracture with carotid canal 
involvement 

 Petrous fracture 
 Diffuse axonal injury 

 Diffuse axonal injury with GCS <6  Cervical spine fracture 
 Cervical spine fracture 
 Near-hanging with anoxic brain injury 

  Adapted from Biffl  et al. [ 6 ], Miller et al. [ 11 ], Biffl  et al. [ 12 ] 
 Multigroup criterion triggering BCVI screening based on specifi c clinical and radiographic criterion 
  CT  computed tomography,  GCS  Glasgow Coma Scale score 
  a Adapted from Biffl  et al. [ 6 ] 
  b Adapted from Miller et al. [ 11 ] 
  c Adapted from Biffl  et al. [ 12 ]  

G.J. Bietz and J.L. Bobadilla



7

reconstruction in the contaminated fi eld and 
prosthetic reconstruction in the clean harvest bed. 
The patient should always be fully heparinized 
prior to any clamping of the carotid system; tem-
porary shunts can be used at the discretion of the 
operative surgeon. Simple ligation of the carotid 
artery has signifi cant consequences and results in 
nearly 45 % mortality [ 1 ]. Because of this, it 
should be reserved only for those injuries at the 
base of the skull that are not amenable to recon-
struction or when complete transection with 
thrombosis is already present without resulting 
neurologic incident. 

 Penetrating carotid artery injuries in zone I 
and III present a much more complex problem. 
Proximal and distal control can be a signifi cant 
issue or require much more morbidity with jaw 
dislocation, mandibulotomy, median sternotomy, 
or trapdoor incisions. Because of this, endovas-
cular techniques have increased in popularity for 
control of these injuries. These techniques have 
the added benefi t of being able to be completed 
under local anesthesia, allowing for continuous 
neurologic monitoring. Multiple groups have 
shown low-risk profi les with the use of covered 
stents for the treatment of hemodynamically sig-
nifi cant dissection, pseudoaneurysms, partial 
transections, and other injuries to the carotid ves-
sels in these zones [ 18 – 25 ].   

1.2.5     Vertebral Artery Injuries 

 Vertebral artery injuries (VAIs) are quite rare, 
with average incidence of 0.20–0.77 % among 
all trauma admissions [ 5 ,  6 ]. Other than the fi rst 
segment of the vertebral artery, V1, the remain-
ing portions of this vessel are diffi cult to access 
from open surgical approaches due to the signifi -
cant bony protection. The vertebral artery is 
most often injured from cervical spine transverse 
process fractures, subluxations, or penetrating 
injuries to the back of the neck [ 26 ]. Catheter-
based selective angiography remains the gold 
standard, but as with carotid injury, CTA has 
gained popularity due to its ease of access and 
rapid initiation. CTA has been shown to have a 
sensitivity and specifi city of 40–60 % and 
90–97 %, respectively [ 27 ]. 

1.2.5.1     Treatment of Blunt Injuries 
 As with blunt carotid injuries, the mainstay of 
blunt vertebral injuries is systemic anticoagula-
tion, unless complete transection with 
 extravasation is noted. Studies from the past 
decade have shown a reduced neurologic incident 
rate from 20 to 35 % with no anticoagulation to 
0–14 % with heparin therapy [ 7 ,  28 ]. Again, as 
with carotid blunt injury, if systemic anticoagula-
tion cannot be administered, antiplatelet therapy 
should be given.  

1.2.5.2     Treatment of Penetrating 
Injuries and Blunt Transection 
Injuries 

 Because of the diffi cult surgical access to the 
vertebral vessel, endovascular techniques have 
become a fi rst approach to the treatment of pen-
etrating and blunt transection injuries. Selective 
angiography and crossing of the lesion can allow 
for proximal and distal coil embolization in most 
patients. Even in cases of complete transection, 
crossing of this lesion can be successful,  allowing 
endovascular treatment. Up to 50 % of the time, 
selective angiography will reveal that the vessel 
has already thrombosed, and thus no further 
therapy is needed [ 29 ]. There have been rare 
reports of covered stent graft placement in the 
vertebral system, but this is not routinely 
 performed [ 7 ]. 

 If endovascular techniques are not avail-
able or do not succeed in controlling the 
bleeding, open operative ligation can be com-
pleted with an expected stroke rate of 3–5 % 
[ 30 ]. The most straightforward approach 
involves isolation of the V1 segment of the 
vertebral artery and ligation at this point, with 
packing of the wound to assist in retrograde 
and collateral back bleeding. This portion of 
the vertebral artery can be obtained through 
the same exposure as the carotid artery. The 
sternocleidomastoid muscle attachments to 
the sternum and clavicle are taken down, the 
scalene fat pad is mobilized, and the anterior 
scalene muscle is divided with care not to 
injure the phrenic nerve. At this point, the 
subclavian artery and origin of the vertebral 
artery can be dissected and ligated to control 
bleeding.    
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1.3     Thoracic Vascular Injuries 

 Thoracic vascular injuries carry with them a high 
degree of lethality. By best estimates, thoracic 
aortic injuries result in 50–80 % in-the-fi eld 
 mortality. Those patients that do survive to hospi-
tal evaluation require rapid and accurate diagno-
sis and intervention. In most urban environments, 
upwards of 90 % of these injuries are a result of 
penetrating mechanisms [ 31 ]. In contrast, in 
more isolated and rural setting, the majority are 
due to blunt aortic transections from deceleration 
injuries. Regardless, the initial evaluation should 
consist of chest radiographs, and in the hemody-
namically stable patient, CTA plays a key role in 
the radiographic survey. Unstable patients with 
great vessel or thoracic aortic injury often 
undergo emergency room thoracotomy. Once the 
chest has been opened, aortic clamping with fur-
ther resuscitation and transport to the operating 
theater for defi nitive repair may be undertaken. 
This section will focus on the aortic arch, its 
branches, and the descending thoracic aorta. 
Both penetrating and blunt injuries will be dis-
cussed. The rising use of endovascular techniques 
for the management of these injuries will be of 
specifi c discussion. 

1.3.1     Ascending Aorta 
and Transverse Arch 

 Injury to the ascending aorta and transverse arch 
is most often associated with penetrating mecha-
nisms but can be seen with severe blunt force 
injury. There is exceedingly high in-the-fi eld 
mortality with these most proximal aortic inju-
ries. Clinical and radiographic signs include car-
diac tamponade, widened mediastinum, and 
apical capping. These injuries should be 
approached with an open technique via a median 
sternotomy utilizing cardiopulmonary bypass 
(Fig.  1.2 ). Depending on the extent of the injury, 
primary repair or interposition grafting may be 
necessitated. Posthospital survival rate depends 
greatly on clinical presentation, comorbid condi-
tions, and other associated injuries [ 32 ,  33 ].

1.3.2        Innominate Artery 

 Innominate artery injuries can result from blunt, 
penetrating, and iatrogenic sources. The most com-
mon iatrogenic mechanism is with central line mis-
adventures. Classically, open repair via a median 
sternotomy with a right cervical extension was the 

Left anterolateral thoracotomy

Sternal notch

Xiphoid process

Clam shell incision Median sternotomy

  Fig. 1.2    Three major incisions used for access to medi-
astinal structures. The left anterolateral thoracotomy per-
mits rapid access to mediastinal and left chest contents 
and is particularly useful for cross clamping the aorta 
after major trauma with hemorrhage. The clamshell inci-
sion permits rapid access to the entire chest and can be 

used by extending the initial incision made for a left 
anterolateral thoracotomy if a major right chest trauma is 
suspected. Finally, a median sternotomy permits access 
to the mediastinum. A right or left cervical extension can 
be utilized for access to the subclavian and carotid 
vessels       
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approach of choice to repair of these injuries. 
Primary repair or short segment interposition grafts 
can be utilized to repair these injuries. Because of 
the potential morbidity of these procedures, endo-
vascular techniques have gained popularity in 
recent years. There have been multiple reports of 
cover stent graft implantation for the management 
of these injuries [ 34 – 37 ]. As a result of this grow-
ing body of literature, consideration for covered 
stent graft implantation should be given. Because 
of the immediate proximity to the cerebrovascular 
circulation, systemic anticoagulation during can-
nulation and deployment should be complete, and 
post-implant treatment with antiplatelet agents 
should be strongly considered.  

1.3.3     Proximal Left Carotid Artery 

 Surgical exposure for intervention on the proxi-
mal left common carotid artery is a mirror expo-
sure of that of the innominate artery. Median 

sternotomy with left cervical extension is utilized 
(Fig.  1.2 ). While primary repair can be completed 
in some cases, interposition grafting is the pre-
ferred method of repair in an open intervention. 
As with the other arch vessels, management has 
shifted to endovascular techniques in recent 
years. The implantation of covered stent grafts 
has gained signifi cant popularity [ 38 – 41 ]. As 
with innominate artery stent implantation, full 
heparinization during the procedure is essential, 
and post-implantation antiplatelet therapy is 
strongly advised. Additionally, the use of distal 
embolic protection is strongly advised when 
carotid artery interventions are undertaken [ 42 ].  

1.3.4     Left Subclavian Artery Injuries 

 Surgical exposure of the left subclavian artery 
can be diffi cult and may require both a supracla-
vicular and anterolateral thoracotomy (Fig.  1.3 ). 
Some have connected these with a median 

  Fig. 1.3    Subclavian 
exposure. A supraclavicular 
and infraclavicular incision 
can be used for access to the 
subclavian artery. A median 
sternotomy may be necessary 
to achieve proximal control, 
particularly in trauma       
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 sternotomy for full exposure, but this incision is 
wrought with complications and can be diffi cult 
to complete if not experienced in this technique. 
Clavicle resection may also be needed to gain 
complete control of these injuries. Because of the 
complex surgical exposure, interest in endo-
vascular approaches has gained signifi cant 
momentum. As with other arch vessels, the use of 
covered stent grafts has shown promising results 
with injuries in this location [ 43 – 46 ]. These inju-
ries may be approached from either the ipsilateral 
brachial or either femoral access points depend-
ing on the associated bony extremity injuries.

1.3.5        Descending Thoracic Aorta 

 Most penetrating injuries of the descending aorta 
result in in-the-fi eld mortality or signifi cant hemo-
dynamic instability prompting emergent thoracot-
omy. Once identifi ed, these injuries can be repaired 
with traditional open techniques, including pri-
mary repair or interposition graft. With improved 
prehospital care and automotive safety, survival to 
hospital presentation with blunt aortic injury is 
increasingly more common. As a result, this sec-
tion will deal mostly with the diagnosis and treat-
ment associated with blunt aortic injury (BAI) and 
traumatic aortic disruption. The exact incidence is 
not truly known, but the EAST Practice Guideline 
of 2,000 estimated that BAI accounted for roughly 
8,000 deaths annually in the United States [ 47 ]. 
There are multiple theories on how BAI develops, 
including acute intraluminal pressure spikes, 
stretch and shear strain, and bony compression, 
but a description of these in detail is beyond the 
scope of this chapter. Regardless of the mecha-
nism, BAI typically results in disruption near the 
aortopulmonary ligament at the embryologic rem-
nant of the ductus arteriosus. Widened mediasti-
num on chest radiograph is the classic fi nding, but 
rib 1–3 fracture, sternal fracture, clavicle or scapu-
lar fractures, or apical capping should all raise the 
index of suspicion. If hemodynamically stable, 
CTA is essential in case planning, especially for 
endovascular approaches. If endovascular repair is 
chosen, CTA through the pelvis is ideal to assess 
the iliofemoral system for large-bore introducer 

cannulation needed to deploy thoracic  endografts. 
Once a BAI has been confi rmed, strict blood pres-
sure and heart rate control should be undertaken 
until the diagnostic work-up is completed and 
repair has occurred. Fabian et al. have shown that 
strict impulse control (blood pressure and heart 
rate) results in decreased morbidity [ 48 ,  49 ]. In 
summary, they recommend a goal systolic blood 
pressure <100 mmHg, a goal mean arterial pres-
sure <80 mmHg, and a goal heart rate of <100 
BPM [ 48 ,  49 ]. This can be accomplished with 
esmolol infusion or PRN labetalol with or without 
the aid of nitroglycerine infusion to assist in vaso-
dilation. Once impulse control has been estab-
lished and provided that hemodynamic stability 
persists, the patient can receive the remainder of 
the trauma evaluation. Other immediately life-
threatening injuries can be dealt with fi rst, and if 
no other emergent operative indications exist, 
repair of the BAI can be undertaken. 

 Historically, these injuries have been treated 
with open left lateral thoracotomy with or without 
cardiopulmonary bypass and hypothermic circu-
lator arrest (Fig.  1.2 ). Interposition grafting is 
almost universally needed, and primary repair is 
general not advisable. A complete description of 
the operative exposure and repair is beyond the 
scope of this chapter; however, as with any tho-
racic aortic surgery, subsequent paraplegia from 
spinal ischemia is a feared consequence [ 50 – 52 ]. 
With aggressive and protocolized approaches to 
spinal cord protection, this often fatal complica-
tion can be prevented in many patients [ 53 – 57 ]. 
As with the other vessels described in this section, 
endovascular techniques are a rising component 
in the management of BAI. The use of thoracic 
endovascular aneurysm repair (TEVAR) devices 
for the management of BAI is becoming increas-
ingly common [ 58 – 62 ]. Additionally, others have 
reported the use of abdominal aortic extension 
cuff in the thoracic aorta for the treatment of BAI 
[ 60 ]. As with any off-label use, the merits of this 
technique must be weighed against the benefi ts 
and risks of a non-FDA-approved application of 
such devices. There has been some concern about 
the long-term implication of device implantation 
in a typically young trauma patient population. 
Additionally, concern has been raised about the 
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ability to maintain long- term follow-up in this 
patient population [ 63 ]. Despite these concerns, 
TEVAR for BAI has been recommended as the 
treatment of choice by many [ 60 ,  62 ]. The current 
generation of TEVAR devices is approved for 
vessel diameters of 16 mm and larger; because of 
this, the use in very young and pediatric popula-
tions is generally not advised due to the absolute 
vessel size and long- term consequences of future 
growth. In these extenuating circumstances, open 
repair is advised.   

1.4     Abdominal and Pelvic 
Vascular Injuries 

 Vascular injuries within the abdominal and pelvic 
cavities can be diffi cult to manage as a result of 
concomitant injury to both hollow and solid 
organs. Traditionally, many intra-abdominal vas-
cular injuries have been addressed in an open fash-
ion as there is often an indication for exploration 
due to these other associated injuries. However, 
there does exist a subset of abdominopelvic vascu-
lar injuries that can be addressed via endovascular 
approaches. Abdominal vascular injuries account 
for 30 % of all vascular trauma, and about 90 % 
are caused by penetrating trauma [ 64 ]. In patients 
undergoing exploratory laparotomy, it is estimated 
that the incidence of concomitant vascular injury 
is 14 % for gunshot wounds, 10 % for stab wounds, 
and 3 % for blunt injuries [ 65 ,  66 ]. Most patients 
with abdominopelvic vascular injuries present 
with hard signs of vascular injury or hemodynamic 
instability due to the large potential space for 
bleeding and other associated injuries that typi-
cally accompany. Because of this, most of these 
injuries are directly discovered at the time of 
exploratory laparotomy, and little work-up is typi-
cally undertaken. With smaller, more distal branch 
vessel injury, patients may undergo abdominopel-
vic CT, allowing for a more thorough evaluation. 

1.4.1     Abdominal Aorta Injuries 

 Abdominal aortic injuries are almost uniformly 
penetrating in nature. Blunt injury to the  abdominal 

aorta accounts for 0.04 % of trauma admissions 
[ 67 ]. Gross contamination is common in patients 
with penetrating trauma, as 93 % of patients have 
other associated intra-abdominal injuries includ-
ing the small bowel (45 %), colon (30 %), and liver 
(28 %) [ 68 ]. The use of prosthetic graft has always 
been an area of controversy. We recommend the 
use of autogenous tissue for reconstruction when-
ever possible for these situations. Enteric spillage 
should rapidly be controlled and the peritoneal 
cavity irrigated in all cases however. Prosthetic 
grafts may be necessary for large or complex 
repairs, and bowel content spillage is not consid-
ered an absolute contraindication by some [ 69 ]. 

 There have been case reports of the manage-
ment of abdominal aortic injuries using endovas-
cular techniques, but the current generation of 
devices is limited in their utility for injuries in 
this location. Pseudoaneurysms, aortocaval fi stu-
lae, and infrarenal aortic dissections have all been 
treated successfully with stent grafts [ 67 ,  70 – 72 ]. 
The limiting factor preventing more widespread 
application of endovascular techniques in repair 
of the abdominal aorta is branch graft technol-
ogy. Until fenestrated and branch graft technol-
ogy becomes more available, the use of 
endovascular grafts will have a defi nitive role in 
selected cases of infrarenal aortic injury.  

1.4.2     Celiac Artery Injuries 

 Celiac artery injuries are often accompanied by 
other vascular injuries and most often the result 
of penetrating injuries. Ligation is generally well 
tolerated for celiac and celiac branch vessel 
injury. The portal vein and gastroduodenal artery 
are often adequate blood supply for liver paren-
chyma should the common hepatic artery require 
ligation; however, late bile duct strictures can be 
encountered if distal hepatic branches are ligated. 
Because of the rich collateral network in this 
location, catheter-directed embolization is also a 
viable technique. Additionally, there have been a 
few reports of endovascular covered stent grafts, 
though tortuosity is a complicating factor. Celiac 
artery injuries are considered a marker of more 
severe trauma, and published mortality rates 
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range from 38 to 75 % [ 73 ]. Many of these mor-
talities are related to other associated injuries and 
not directly attributable to the celiac disruption.  

1.4.3     Superior Mesenteric 
Artery (SMA) Injuries 

 For traumatic injury purposes, the SMA can be 
divided into two segments, marked by the takeoff 
of the middle colic artery. Proximal to this, ligation 
results in signifi cant bowel ischemia from the liga-
ment of Treitz to and including the right hemi-
colon. Distal to this, ligation can result in partial 
bowel ischemia, and segmental resection may be 
needed. In the unstable patient, as an alternative to 
ligation, damage control with a temporary shunt 
should be considered [ 74 ]. Defi nitive reconstruc-
tion can be performed once the patient is stable at 
the second laparotomy. Saphenous vein, femoral 
vein, and PTFE graft may all be used as conduit. 
Again, the use of autologous tissue is strongly 
encouraged because of the risks of bowel content 
spillage and subsequent graft infection. Proximal 
SMA partial transections can be managed with 
primary repair in 40 % of cases [ 75 ]. Additionally, 
there have been scattered reports of these injuries 
being treated with covered stent grafts [ 76 – 80 ]. 
This is a viable option in the critically ill patient, 
but long-term patency data is not yet available. 
Furthermore, these techniques are best utilized in 
the proximal segment of the SMA and should be 
avoided distal to the middle colic vessel to prevent 
covering important side branch vessels and induc-
ing further bowel ischemia. All hematomas near 
the SMA should be explored in penetrating trauma. 
In blunt trauma, with a stable hematoma and via-
ble nonischemic bowel, it is recommended to not 
explore the site. Instead, postoperative SMA eval-
uation via color-fl ow Doppler imaging, CT angi-
ography, or angiography is recommended.  

1.4.4     Renal Artery and Renal 
Parenchymal Injuries 

 Renal artery injuries are rare and account for 
about 0.05 % of all blunt trauma admissions [ 81 ]. 

The injuries typically present are intimal fl aps, 
partial transections, pseudoaneurysms, traumatic 
AV fi stulas, and acute occlusions. Treatment of 
traumatic renovascular injuries depends on the 
warm ischemia time, general condition of the 
patient, mechanism of injury, and condition of 
the contralateral kidney. Endovascular treatment 
should be considered the fi rst-line therapeutic 
option for patients in stable condition with inti-
mal tears, acute occlusions, false aneurysms, and 
arteriovenous fi stulae. Because of the relatively 
large diameter, straight anatomical course, and 
parallel proximal and distal landing zones, endo-
vascular interventions have shown great success 
in the treatment of renovascular injuries [ 82 – 84 ]. 

 Expanding perinephric hematomas secondary 
to penetrating trauma should be explored, and 
most of these are found at the time of laparotomy 
for other associated injuries. A stable perinephric 
hematoma, away from the hilum may be consid-
ered an exception to this rule [ 85 ] . Blunt renovas-
cular injuries are often found after a signifi cant 
time delay. After 3–6 h of warm ischemia time, 
renal function is severely impaired. At this point, 
revascularization is of little use. In this circum-
stance, roughly 30–40 % of patients will ultimately 
develop renovascular hypertension [ 86 – 88 ].  

1.4.5     Inferior Mesenteric 
Artery (IMA) Injuries 

 IMA injuries are rare and most often related to 
penetrating trauma. They account for less than 
1 % of all abdominal vascular traumas [ 64 ]. 
Ligation is generally well tolerated and resultant 
colorectal ischemia is rare.  

1.4.6     Iliac Artery Injuries 

 Isolated traumatic iliac vessel injuries carry a sig-
nifi cant morbidity and mortality and are most 
often the result of penetrating trauma. In hospi-
tals, mortality has been reported anywhere from 
25 to 50 % depending on other associated inju-
ries, the most signifi cant being associated iliac 
vein injury [ 89 – 91 ]. In addition, iliac arterial 
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injury has been reported numerous times after 
misadventures in lumbar spine surgery. Finally, 
with the increasing need for large-diameter trans-
femoral access for TEVAR and transfemoral aor-
tic valve implantation (TAVI) cases, iatrogenic 
external iliac artery injury has increased. 

 Endovascular techniques are now often con-
sidered the fi rst-line therapy to address iliac 
artery injury, particularly after blunt force trauma. 
Endovascular stents have been shown to be very 
effective in addressing pseudoaneurysms, arte-
riovenous fi stulae, or major intimal tears with or 
without thrombosis [ 92 – 96 ]. Furthermore, active 
bleeding from internal iliac artery braches, often 
caused by pelvic fractures, is amenable to endo-
vascular coil embolization. During laparotomy, 
pelvic hematomas due to blunt trauma should 
only be explored if they are expanding rapidly. 
Hematomas secondary to penetrating trauma 
should be explored. If there is an absent or dimin-
ished femoral pulse, in-line bypass should be 
considered. Vein or PTFE patch may be used, 
depending of amount of wound contamination. A 
balloon-tipped catheter should be passed proxi-
mally and distally to remove any residual throm-
bus. Simple ligation of the common or external 
iliac arteries is associated with a high incidence 
of limb loss. Patients in critical condition that can 
only tolerate damage control surgery may have 
the fl ow restored to the limb by using a temporary 
shunt. Defi nitive vessel reconstruction may be 
performed as a second-stage operation once the 
patient is hemodynamically stable. 

 Exposure of the external iliac can be accom-
plished by a separate retroperitoneal incision or 
by extending the classic groin cutdown incision 
upwards and laterally through the inguinal liga-
ment. Classic repair with either saphenous vein 
or PTFE interposition remains a viable option; 
however, covered stent graft insertion has gained 
recent popularity [ 94 ,  97 ,  98 ]. Depending on the 
circumstances, location, and type of injury, ipsi-
lateral or contralateral access can be gained. 
Guidewire access across the injury is necessary, 
and after this is achieved, a covered graft can be 
deployed. Covering of the ipsilateral hypogas-
tric artery can be tolerated if the contralateral 
 hypogastric vessel is patent without signifi cant 

 stenosis but should be avoided if possible. 
Midterm results of such endovascular treatments 
are promising, but long-term data is not readily 
available.  

1.4.7     Venous Injuries 

 The inferior vena cava (IVC) is the most com-
monly injured abdominal venous structure and 
accounts for about 25 % of abdominal venous 
injuries [ 99 ]. Blunt trauma is responsible for only 
about 10 % of IVC injuries with 90 % due to pen-
etrating mechanisms [ 100 ,  101 ]. Eighteen percent 
of patients with penetrating IVC injuries have an 
associated aortic injury [ 100 ,  101 ]. Many injuries 
to the IVC, especially those involving the infrare-
nal IVC, present with stable hematomas. 
Hematomas due to penetrating trauma should be 
routinely explored, with the exception of stable 
retro- hepatic hematomas. Exploration and vessel 
control in this location is extremely diffi cult, 
resulting in uncontrollable hemorrhage and death. 
Mortality ranges between 20 and 57 % for IVC 
injured victims who survive to the hospital [ 100 ]. 

 Portal vein (PV) and superior mesenteric vein 
(SMV) injuries are rare and account for roughly 
1–2 % of trauma patients. These injuries should 
be repaired if this can be accomplished with sim-
ple suture repair. Complex reconstructions 
including interposition grafting are generally not 
advisable. Reconstruction of the portal vein with 
a saphenous vein graft or internal jugular vein 
graft is a viable option but should be considered 
only in those patients who have had complete 
transection of the hepatic arteries [ 102 ]. 
Individuals with portal vein ligation and a patent 
hepatic artery have survival ranges from 55 to 
85 % [ 103 ]. Contrary, ligation of both the portal 
vein and hepatic arteries is not compatible with 
life, and fulminant hepatic failure quickly ensues. 
Portal vein or SMV ligation results in bowel wall 
edema. A temporary abdominal closer device is 
recommended, and a second-stage laparotomy is 
recommended to evaluate for bowel necrosis. 

 Renal vein injuries can be managed by pri-
mary repair or ligation. Left renal vein ligation 
near the IVC is acceptable because of collateral 
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venous drainage through the left gonadal vein, 
left adrenal vein, and lumbar veins. Right renal 
vein ligation should always be followed by 
nephrectomy. 

 Iliac venous injuries can be technically more 
challenging than arterial injuries because of the 
diffi cult exposure and overlying structures. Iliac 
artery transection to access the underlying vein 
should only be considered in extreme cases [ 104 ]. 
Often generous mobilization and retraction of the 
artery provides adequate exposure of the vein for 
repair. Ligation is generally preferable to a repair 
that results in a severe stenosis. The risk of pulmo-
nary embolism is low after iliac vein ligation, and 
the complications are generally minimal. Transient 
edema is noted in most patients, but this most often 
responds to compression therapy. Occasionally, 
massive edema of the leg can develop. Rarely, 
compartment syndrome has been described, but 
this is usually in patients with combined arterial 
and venous injuries. In this instance, the early use 
of decompressive fasciotomy is recommended.   

1.5     Peripheral (Extremity) 
Vascular Injuries 

 Peripheral vascular injuries account for upwards 
of 80 % of all cases of vascular trauma, with most 
of these injuries involving the arteries and veins of 
the lower extremities. High-velocity weapons 
(70–80 %) account for most of these injuries, fol-
lowed by stab wounds (10–15 %) and blunt 
trauma (5–10 %). In a series of penetrating inju-
ries, arterial injuries were caused by gunshot 
wounds in 64 %, knife wounds in 24 %, and shot-
gun blasts in 12 % [ 105 ]. The morbidity of blunt 
vascular injuries can be magnifi ed by associated 
fractures, dislocations, and crush injuries to the 
adjacent muscles and nerves. Occult vascular 
injuries are usually composed of intimal fl aps, 
segmental narrowing, and hemodynamically 
insignifi cant arteriovenous fi stulae or pseudo-
aneurysms. There is growing evidence that most 
of these injuries heal spontaneously or stabilize 
without further compromising the distal circula-
tion and perfusion [ 106 ,  107 ]. These fi ndings 
have been confi rmed by independent studies in 

animals [ 108 ,  109 ] and humans [ 108 ,  110 ]. 
Subclinical vascular injuries with intact distal per-
fusion may be observed with serial monitoring, 
antiplatelet  therapy or systemic anticoagulation, 
and repeat noninvasive imaging. Subclinical vas-
cular defects have been defi ned as those exhibit-
ing the following characteristics:
•    Low-velocity injury  
•   Minimal (<5 mm) arterial wall disruption for 

intimal defects and pseudoaneurysms  
•   Adherent or downstream protrusion of intimal 

fl aps  
•   Intact distal circulation  
•   No active hemorrhage    

 Interval vascular imaging is essential when 
expectant management is chosen, but resolution 
can be seen in 85–90 % of these lesions with no 
operative intervention [ 106 ,  111 ]. 

 Potential serious complications of untreated 
clinically evident peripheral vascular trauma 
include uncontrolled hemorrhage, thrombosis, 
ruptured pseudoaneurysm, hemodynamically 
signifi cant arteriovenous fi stula, and compart-
ment syndrome. Table  1.1  outlines the hard and 
soft signs of vascular injury, and the predictive 
nature of these signs holds true with regard to 
peripheral vascular injury as well. Most patients 
who present with hard signs of vascular injury 
will require operative intervention. Patients with 
soft signs, who are hemodynamically stable, can 
undergo noninvasive evaluation. The routine use 
of contrast angiography (both invasive and nonin-
vasive) is not advisable, resulting in historically 
high negative yield (up to 90 % with no injury 
identifi ed). Because of this, the routine use of 
ankle-brachial indices (ABI) as a screening tool 
has developed [ 112 ,  113 ]. The presence of an 
ankle index of less than 0.9 was found to be 95 % 
sensitive and 97 % specifi c [ 112 ,  113 ]. The 
threshold of an ABI <0.9 assumes no history of 
preexisting vascular arterial insuffi ciency. Others 
have modifi ed this observation to include an ABI 
10 % lower than the contralateral extremity. 
Multiple studies have confi rmed the safety of 
selective, rather than routine, contrast angiogra-
phy [ 114 – 116 ]. If an ABI differential is found, 
contrast studies may then be advised. A classic 
paper tested the interobserver agreement between 
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CTA and invasive angiography and found a kappa 
statistic of 0.9 [ 117 ]. 

1.5.1     Axillary and Brachial Arteries 

 Axillary artery injuries are very similar to subcla-
vian injuries. High axillary injuries may be diffi cult 
to expose and gain proximal control for open opera-
tive repair. Both supraclavicular and infraclavicular 
incision may be necessary to achieve adequate con-
trol of the vessel for open repair. In addition to this, 
the proximity to the brachial plexus must also be 
considered [ 38 ,  43 – 45 ,  118 ,  119 ]. Because of this, 
the use of stent graft has gained recent enthusiasm. 

 Brachial artery injuries are most often the 
result of penetrating injury, either ballistic or iat-
rogenic. Open operative exposure and repair 
remains the gold standard. Occasionally, primary 
repair can be accomplished, but many times, 
short segment saphenous vein interposition graft-
ing is needed. Care must be taken to avoid too 
long a conduit that will kink once the elbow is 
bent. Careful planning and observation in both 
the extended and fl exed elbow positions is neces-
sary before completing the distal anastomosis.  

1.5.2     Radial and Ulnar Arteries 

 Single vessel injury of the forearm can be simply 
ligated, provided that the opposing vessel is intact 
to the hand and a palmer arch is present. Bedside 
handheld Doppler evaluation of the palmer arch 
and digital vessels can be undertaken to confi rm 
viability prior to ligation of the injured vessel. If 
in-line fl ow is not present or an incomplete palmer 
arch is present, primary repair of the injured ves-
sel should be completed. Endovascular approaches 
and stent graft have no appreciable role in the 
management of forearm vessel injuries.  

1.5.3     Femoral and Popliteal Arteries 

 Open surgical repair of the femoral vessels at the 
level of the groin should be undertaken as  routine. 
Primary repair or short saphenous interposition 

grafts can be used to reconstruct these vessels. 
Both the superfi cial femoral artery (SFA) and 
profunda femoris vessels should be recon-
structed, hemodynamic status allowing. The deep 
profunda vessel is essential in long-term limb 
viability and is a vital collateral for patients that 
develop late SFA atherosclerotic disease; because 
of this, it should be revascularized unless extreme 
circumstances prohibit [ 120 ]. The mid and distal 
segments of the SFA should also be repaired 
operatively. Short segment saphenous interposi-
tion grafts serve well in this location, but if the 
vein is not available, PTFE can be utilized with 
slightly decreased long-term patency. The use of 
covered stent grafts has been described, but long-
term patency data is not available, and given the 
relatively low morbidity of short segment venous 
interposition grafting, it is not widely advisable 
except under signifi cant extenuating circum-
stances [ 97 ,  121 – 123 ]. 

 The popliteal artery provides some clinical 
controversy. It can be a challenging injury to 
manage. Historically, amputation rates were as 
high as 20 % with injuries in this location [ 124 , 
 125 ]. Both penetrating and blunt injuries can 
affect this vessel. Classic traction injury from 
posterior knee dislocation can result in injuries 
ranging anywhere from a small hemodynami-
cally insignifi cant intimal fl aps to critical isch-
emia and complete transection. In most clinically 
apparent injuries, open repair is indicated, either 
by primary repair (stab wounds) or short segmen-
tal saphenous vein bypass (blunt injury, gunshot 
wounds). There have been anecdotal reports of 
covered stent graft repair for trauma and iatro-
genic injury, but the long-term durability and 
patency have not been fi rmly established in these 
applications [ 97 ,  121 – 123 ]. Because of this, most 
would recommend open operative repair except 
under signifi cant extenuating circumstances.  

1.5.4     Tibial-Peroneal Arteries 

 As with the upper extremity, injury to one termi-
nal vessel in the lower limb can be dealt with by 
simple ligation [ 126 ]. Injury at the level of the 
tibioperoneal trunk should prompt open surgical 
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 reconstruction [ 126 ]. Injury to all three tibial 
arteries should prompt open operative repair of at 
least two arteries to avoid a potential risk for 
future amputation [ 126 ,  127 ]. Currently endovas-
cular techniques have not played a major role in 
the management of tibial arteries injuries.      
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2.1            Introduction 

 Hemorrhage requiring massive transfusion 
remains a major cause of potentially prevent-
able deaths. Trauma and massive transfusion are 
associated with coagulopathy secondary to tissue 
injury, hypoperfusion, dilution, and consump-
tion of clotting factors and platelets, and coagu-
lopathy, together with hypothermia and acidosis, 
forms a “lethal” triad [ 1 ]. In the last decade, the 
 concept of damage control surgery  has evolved, 
prioritizing early control of the cause of bleeding 
by temporary, non-defi nitive means. Similarly, 
the concept of  damage control resuscitation , i.e., 
limiting fl uid resuscitation and applying the con-
cept of permissive hypotension with the goal of 
achieving a palpable radialis pulse in patients, has 
been advocated, whereas in patients with head 
injury, a systolic blood pressure above 110 mmHg 
is recommended [ 2 – 4 ]. Also, providing a large 
amount of blood products to critically injured 
patients in an immediate and sustained manner 
as part of an early massive transfusion protocol, 
reducing the amount of crystalloid administered, 
has been introduced [ 3 ,  5 ]. The rationale behind 
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this resuscitation concept is to transfuse red blood 
cells, plasma, and platelets (PLT) in the same pro-
portion as found in circulating whole blood, thus 
leading toward a  unit-for- unit ratio to prevent and 
treat coagulopathy due to massive hemorrhage. 
This chapter addresses the clinical problems 
associated with vascular hemorrhage and massive 
transfusion in trauma.  

2.2     Coagulopathy 
in Vascular Trauma 

2.2.1     Dilution 

 The dilution of coagulation factors and platelets 
is an important cause of coagulopathy in trauma 
patients [ 6 ]. The Advanced Trauma Life Support 
(ATLS) guideline recommends aggressive crys-
talloid resuscitation, but the dilutional effects of 
such administration on coagulation competence 
are well described [ 7 ], and this strategy provokes 
acidosis, formation of interstitial edema with tis-
sue swelling, impairment of the microcirculation, 
and hence compromised oxygenation [ 8 ,  9 ]. 
Furthermore, recent studies indicate that 
increased volume of crystalloids administered is 
associated with greater incidence of multiple 
organ failure, abdominal compartment syndrome 
[ 10 ], and mortality [ 11 ]. 

 Furthermore, synthetic colloid resuscitation 
fl uids infl uence coagulation competence more 
profoundly than crystalloids. Hydroxyethyl 
starch (HES) causes effl ux of plasma proteins 
from blood to the interstitial space, reduction in 
plasma concentration of coagulation factor VIII 
and von Willebrand factor (vWF), inhibition of 
platelet function, and reduced interaction of acti-
vated FXIII with fi brin polymers [ 12 ]. A recent 
meta-analysis of 24 studies evaluating the safety 
of HES 130/0.4 administration in surgical, emer-
gency, and intensive care patients demonstrated 
that HES administration promotes a dose- 
dependent coagulopathy [ 13 ]. Also, administra-
tion of blood products such as RBC, FFP, and 
PLT may cause signifi cant dilution since these 
blood products are stored in anticoagulation solu-
tions reducing coagulation factor concentration 

to approximately 60 % and platelet count to 
approximately 80 × 10 9 /l when a hematocrit of 
30 % is warranted [ 14 ].  

2.2.2     Hypothermia 

 Hypothermia is associated with risk of uncon-
trolled bleeding and death in trauma patients. 
Hypothermia-induced coagulopathy is attrib-
uted to platelet dysfunction, reduced coagula-
tion factor activity (signifi cant below 33 °C) 
[ 15 ], and induction of fi brinolysis [ 16 ], and these 
effects are reversible with normalization of body 
temperature.  

2.2.3     Acidosis 

 In trauma patients acidosis is induced by hypo-
perfusion and excess administration of ionic 
chloride, i.e., NaCl, during resuscitation [ 17 ]. 
Acidosis impairs almost all essential parts of the 
coagulation process: At pH <7.4, platelets change 
their structure and shape [ 18 ]. The activity of 
coagulation factor complexes on the cell surface 
is reduced, and the resulting impaired thrombin 
generation is a major cause of coagulopathic 
bleeding, secondary to reduced clot strength and 
stability. Furthermore, acidosis leads to increased 
degradation of fi brinogen [ 19 ] which further 
aggravates the coagulopathy.  

2.2.4     Trauma 

 An early “endogenous” coagulopathy in trauma 
patients not attributed to dilution and hypother-
mia with shock and hypoperfusion as the key 
drivers of acute traumatic coagulopathy through 
activation of the anticoagulant and fi brinolytic 
pathways has been identifi ed [ 20 – 22 ]. We 
recently reported that the early coagulopathy 
observed in trauma patients, which refl ects the 
state of the fl uid phase including its cellular ele-
ments, i.e., circulating whole blood, is a conse-
quence of the degree of the tissue injury and the 
thereby generated sympathoadrenal activity and 
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critically related to the degree of endothelial 
damage, with a progressively more procoagulant 
endothelium (solid phase) inducing a gradient of 
increasing anticoagulation toward the fl uid phase 
(circulating blood) [ 23 ]. Though it seems 
 counterintuitive that increasing injury severity is 
associated with progressive hypocoagulability 
and hyperfi brinolysis, this may from an evolu-
tionary perspective exert a survival advantage by 
preserving blood fl ow through the progressively 
more damaged and procoagulant microvascula-
ture [ 23 ]. In alignment with this, we found that in 
trauma patients upon hospital admission, a high 
level of syndecan-1, a marker of endothelial gly-
cocalyx degradation, was associated with high 
sympathoadrenal activity and increased mortal-
ity, even after adjusting for injury severity score 
[ 24 ]. Also, only in patients with high syndecan-1 
levels was increasing injury severity associated 
with increased tissue and endothelial damage, 
protein C depletion, hyperfi brinolysis, and 
infl ammation [ 24 ].  

2.2.5     Consumptive Coagulopathy 

 Tissue injury secondary to trauma induces imme-
diate activation of the coagulation system through 
upregulation of tissue factor (TF) expression and 
extensive thrombin generation. Tissue injury in 
association with extensive endothelial injury, 
massive soft tissue damage, and fat embolization 
from long-bone fractures may be associated with 
the consumption of coagulation factors and plate-
lets and hence development of coagulopathy. 
Disseminated intravascular coagulation (DIC) is 
the most extreme form of consumptive coagu-
lopathy and is characterized by systemic activa-
tion of pathways leading to and regulating 
coagulation, which can result in the generation of 
fi brin clots that may cause organ failure with con-
comitant consumption of platelets and coagula-
tion factors that may result in clinical bleeding 
[ 25 ,  26 ]. We recently reported, however, that dis-
seminated intravascular coagulation (DIC) was 
not a part of the early coagulopathy secondary to 
trauma [ 27 ] though this may develop later in the 
course of resuscitation [ 28 ].  

2.2.6     Hyperfi brinolysis 

 Increased fi brinolysis is observed in patients with 
profound endothelial activation and damage sec-
ondary to trauma, surgery, and ischemia- 
reperfusion injury where tissue-type plasminogen 
activator (tPA) is released from the Weibel-Palade 
bodies of the endothelial cells. In trauma, 
increased fi brinolysis has been reported in the 
most severely injured patients, and this correlates 
with poor outcome [ 29 ,  30 ]. The presence of 
increased fi brinolysis with increasing injury 
severity may refl ect an evolutionary mechanism 
aiming at preventing fatal intravascular coagula-
tion secondary to systemic hypercoagulation 
induced by the trauma [ 23 ].   

2.3     Anticoagulation 

 Vitamin K antagonists are used by patients with 
atrial fi brillation or artifi cial cardiac valves, and 
warfarin has been reported to be associated with 
about 21,000 visits for bleeding complications 
per year in the USA alone [ 31 ,  32 ]. The use of the 
International Normalized Ratio (INR, a plasmatic 
coagulation analysis) to monitor the degree of 
anticoagulation by warfarin may in part explain 
this problem. The lack of adequate hemostatic 
monitoring is also evident with regard to the 
newer pharmaceutical agents used for secondary 
prevention and postoperative thromboprophy-
laxis such as the direct thrombin inhibitor dabig-
atran [ 33 ] and the direct FXa inhibitors apixaban 
[ 34 ] and rivaroxaban [ 35 ]. Currently, it is recom-
mended that treatment with these agents does not 
require hemostatic monitoring [ 36 ]. Despite this, 
however, reports of severe bleedings in patients 
taking these medications are being reported, 
including trauma, and since no antidote exists, 
treatment of these patients is a major challenge 
[ 37 – 39 ]. 

 Apart from coagulopathy due to iatrogenic 
heparinization, critically ill patients, including 
trauma patients, may become endogenously hep-
arinized due to degradation of the endothelial 
glycocalyx [ 26 ,  40 ], the antiadhesive and antico-
agulant carbohydrate-rich surface layer that 
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 covers and protects the endothelial cells and con-
tains signifi cant amounts of heparin-like sub-
stances [ 41 ,  42 ].  

2.4     Platelet Inhibitors 

 An important cause of excessive bleeding in 
trauma patients is platelet inhibitors, which an 
increasing proportion of the population today uses 
as secondary prevention. Currently, the most 
important are the platelet ADP receptor inhibitors 
clopidogrel and the even more potent prasugrel 
that irreversibly inhibits platelet activation through 
the platelet ADP receptor and confers more potent 
platelet inhibition than acetylsalicylic acid. 

 Importantly, the enhanced antiplatelet activity 
and greater effi cacy seen with prasugrel when 
compared to clopidogrel in clinical trials have 
been accompanied by increased bleeding risk, 
and the FDA advisory committee issued guid-
ance to physicians about the increased risk in 
low-weight or elderly patients [ 43 ].  

2.5     Monitoring Hemostasis 

2.5.1     Whole Blood Viscoelastic 
Assays 

 Introduction of the cell-based model of hemo-
stasis emphasizes the role of platelets for intact 
thrombin generation and highlights the impor-
tance of the dynamics of thrombin generation 
infl uencing the quality and stability of the 

thrombus formed [ 44 ]. Consequently, hemo-
static assays performed on plasma such as acti-
vated partial thromboplastin time (APTT) and 
prothrombin time (PT) are of limited value [ 45 ], 
and they do not correlate with clinically relevant 
coagulopathies [ 46 ,  47 ]. Instead, employing a 
whole blood assay, such as viscoelastic hemo-
static assays (VHA) like TEG/ROTEM that 
records the viscoelastic changes during clot for-
mation and subsequent lysis, is preferable. The 
TEG reports (Fig.  2.1 ) the reaction time (R), 
angle (α), maximum amplitude (MA), maximal 
clot strength, and clot lysis (Ly) [ 48 ,  49 ]. Typical 
TEG profi les observed in trauma patients are 
normocoagulable, hypercoagulable, hypocoagu-
lable, and hyperfi brinolytic profi les (Fig.  2.2 ), 
and in actively bleeding patients these should be 
treated according to an algorithm.

    Reduced clot stability correlates with clinical 
bleeding conditions as demonstrated by Plotkin 
et al. [ 50 ] who, in patients with a penetrating 
trauma, reported TEG to be an accurate indicator 
of the blood product requirements. Furthermore, 
TEG is the gold standard for identifying hyperco-
agulability [ 51 ] and hyperfi brinolysis [ 29 ,  30 , 
 52 ], the latter a signifi cant cause of bleeding in 
patients with major trauma [ 29 ,  30 ,  52 ]. The use 
of VHA in trauma is now recommended by recent 
guidelines [ 53 ] and textbooks [ 54 ] and its use in 
the military fi eld is extensive, and many level 1 
trauma centers consider the use of VHA to moni-
tor and guide hemostatic therapy as routine; a 
recent study of 1.974 trauma patients report that 
rapid TEG can replace the conventional coagula-
tion tests in trauma patients [ 55 ].  

Clot
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Ly30 / Ly60
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  Fig. 2.1    Thromboelastograph 
(TEG) parameters       
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2.5.2     Whole Blood Platelet Function 
Analyzers 

 Different assays evaluating the degree of plate-
let inhibition secondary to platelet inhibitors 
exist. Light transmission aggregometry (LTA), 
previously considered the “gold standard” for 
investigation of platelet aggregation [ 56 ], unfor-
tunately relies on artifi cially manufactured 
platelet-rich plasma suspensions, which do not 
refl ect in vivo conditions, and consequently 
platelet function assays performed on whole 
blood are today favored. Examples of whole 
blood platelet function assays are PFA100 
(Siemens, Tarrytown, USA), VerifyNow (Accume-
trics, San Diego, USA), Multiplate (Verum 
Diagnostica GmbH, Munich, Germany), and 
TEG PlateletMapping (Haemonetics Corp, 
Chicago, USA), which all have been reported to 
be able to identify clinically relevant platelet 
inhibition secondary to pharmacological plate-
let inhibitors.   

2.6     Administration of Blood 
Products 

2.6.1     Red Blood Cells 

 In response to hemorrhage, lowered hematocrit 
contributes to coagulopathy since erythrocytes 
promote marginalization of platelets so the 

platelet concentrations along the endothelium 
remain almost seven times that of the average 
blood concentration [ 57 ]. In addition, erythro-
cytes support thrombin generation through expo-
sure of procoagulant membrane phospholipids 
[ 58 ], and they activate platelets by liberating 
ADP [ 59 ] emphasizing that in vivo thrombus 
formation is a multicellular event [ 44 ,  60 ]. Yet, 
the optimal hematocrit for platelet-vessel wall 
interactions remains unknown but it may be as 
high as 35 % [ 61 ].  

2.6.2     Fresh Frozen Plasma 

 It remains controversial when and in what dose 
plasma should be transfused to massively bleed-
ing trauma patients [ 62 ], and the optimal ratio of 
FFP to RBCs remains to be established although 
collectively the data indicate that a FFP/RBC 
ratio greater than 1:2 is associated with improved 
survival compared to one lower than 1:2 [ 63 ,  64 ]. 
This is further supported by a review and meta- 
analysis from 2010 reporting that in patients 
undergoing massive transfusion, high FFP to 
RBC ratios were associated with a signifi cant 
reduction in the risk of death (odds ratio (OR) 
0.38 (95 % CI 0.24–0.60)) and multiorgan failure 
(OR 0.40 (95 % CI 0.26–0.60)) [ 65 ] and a meta- 
analysis from 2012 reports of reduced mortality 
in trauma patients treated with the highest FFP or 
PLT to RBC ratios [ 66 ].  

a

c d

b
  Fig. 2.2    Schematic presentation 
of various TEG tracings in 
trauma: ( a ) normal, 
( b )  hypercoagulability, 
( c ) hypocoagulability 
 (thrombocytopenia/thrombocyto-
pathy), and ( d ) primary 
hyperfi brinolysis       
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2.6.3     Platelets 

 Platelets are also pivotal for hemostasis [ 44 ,  66 ], 
and several retrospective studies report an asso-
ciation between thrombocytopenia and postoper-
ative bleeding and mortality [ 67 ,  68 ]. Holcomb 
et al. [ 63 ] found that the highest survival was 
established in patients who received both a high 
PLT/RBC and a high FFP/RBC ratio. Inaba et al. 
recently reported from a retrospective study of 
massively transfused patients that as the aphere-
sis platelet to RBC ratio increased, a stepwise 
improvement in survival was seen and a high 
apheresis PLT/RBC ratio was independently 
associated with improved survival [ 69 ]. This is in 
alignment with Brown et al. who reported that 
admission platelet count was inversely correlated 
with 24-h mortality and transfusion of RBCs and 
that a normal platelet count may be insuffi cient 
after severe trauma, suggesting these patients 
may benefi t from a higher platelet transfusion 
threshold [ 70 ]. In a recent meta-analysis, a high 
PLT/RBC ratio in massively bleeding trauma 
patients was reported to reduce mortality [ 66 ].  

2.6.4     Massive Transfusion Protocols 
and Ratios 

 A recent meta-analysis of retrospective observa-
tional studies evaluating the effect of FFP/RBC 
and/or PLT/RBC ratios and survival in massively 
bleeding trauma patients recently reported a sig-
nifi cant survival benefi t in patients receiving high 
FFP/RBC and PLT/RBC ratios [ 66 ]. A poten-
tial confounder of these results is survivorship 
bias relating to that those surviving long enough 
will receive FFP and PLT whereas those dying 
early will not, as reported by Snyder et al. [ 71 ]. 
Survivorship bias, however, does not explain the 
improved survival in studies concerning the intro-
duction of transfusion packages where both FFP 
and PLT are immediately available, i.e., where 
pre-thawed FFP are available. Cotton et al. [ 72 ] 
implemented a trauma exsanguination protocol 
(TEP) involving 10 RBC, 4 FFP, and 2 apheresis 
PLT for trauma patients and used it to evaluate 
211 trauma patients of who 94 received TEP and 
117 were historic controls. The TEP patients 

received more RBC (16 vs. 11), FFP (8 vs. 4), 
and PLT (2 vs. 1) intraoperatively than the con-
trols and displayed lower 30-day mortality (51 % 
vs. 66 %). After controlling for age, sex, mecha-
nism of injury, Trauma and Injury Severity Score 
(TRISS), and 24-h blood product usage, a 74 % 
reduction in the odds ratio of mortality was found 
among patients in the TEP group. In a later study 
involving additionally 53 patients, Cotton also 
[ 73 ] reported that not only was 30-day survival 
higher in the TEP group compared to the con-
trols but the incidence of pneumonia, pulmonary 
failure, and abdominal compartment syndrome 
was lower in the TEP patients. Also, the inci-
dence of sepsis or septic shock and multiorgan 
failure was lower in TEP patients. In alignment 
with this, Duchesne et al. reported that in trauma 
patients undergoing damage control laparotomy, 
introduction of damage control resuscitation 
encompassing early administration of plasma and 
platelets together with RBC was associated with 
improved 30-day survival (73.6 % vs. 54.8 %, 
 p  < 0.009) when compared to patients treated 
with conventional resuscitation efforts [ 74 ]. A 
multicenter randomized control study evaluating 
the effect of different blood product ratios on sur-
vival in massively bleeding trauma patients will 
commence in the USA this year, and hopefully 
this will result in evidence for how best to resus-
citate these patients with blood products (  http://
www.uth.tmc.edu/cetir/PROPPR/index.html    ).  

2.6.5     Fresh Whole Blood 

 With the implementation of fractionated blood 
components, the routine use of fresh whole blood 
(FWB) for resuscitation of bleeding patients was 
abandoned in the civilian setting. In the combat 
setting, however, FWB has been used in situa-
tions where fractionated blood products and 
especially platelets were not available. In a report 
of US military patients in Iraq and Afghanistan 
from January 2004 to October 2007, those with 
hemorrhagic shock, a resuscitation strategy that 
included FWB was associated with improved 
30-day survival (95 % vs. 82 %,  p  = 0.002) [ 75 ], 
and an ongoing trial is currently addressing this 
issue (  www.clingovtrial.com/NCT01227005    ). It 
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should be noted that administration of any blood 
product carries potential risks for the patient 
including viral and bacterial transmission, hemo-
lytic transfusion reactions, transfusion-related 
acute lung injury, and immunomodulation and 
consequently transfusion of blood products 
should be reserved to patients who actually needs 
this therapy [ 76 ].   

2.7     Goal-Directed Hemostatic 
Resuscitation with 
Transfusion Packages 
Together with VHA 

 Goal-directed treatment with blood products and 
antifi brinolytic pharmacological agents based on 
the result of the whole blood viscoelastic hemo-
static assays (VHA), together with the clinical 
presentation, was introduced for more than 25 
years ago in patients undergoing liver transplan-
tation and cardiac surgery, and there are vali-
dated algorithms for how coagulopathy is 
identifi ed and treated in patients with ongoing 
bleeding, based on VHA [ 77 ]. More than 25 
studies encompassing more than 4,500 patients 
have evaluated VHA vs. conventional coagula-
tion assays on bleeding and transfusion require-
ments in patients undergoing cardiac, liver, 
vascular, or trauma surgery and in patients 
requiring massive transfusion. These studies 
demonstrate the superiority of VHA in predict-
ing the need for blood transfusion, and the VHA-
based algorithm reduces the transfusion 
requirements and the need for redo surgery in 
contrast to the treatment based on conventional 
coagulation assays [ 49 ], and this was further cor-
roborated in a recent Cochrane review [ 78 ]. 

 We found that the implementation of goal- 
directed hemostatic resuscitation of massively 
bleeding patients, including trauma, based on the 
VHA reduced mortality by approximately 30 % 
in patients requiring more than 10 RBC in the 
fi rst 24 h [ 77 ], and recently we reported that early 
hemorrhagic death in trauma patients was 
reduced by more than 40 % when a combination 
of transfusion packages and goal-directed hemo-
static resuscitation was employed [ 79 ]. The sys-
tematic use of VHA to monitor and guide 

transfusion therapy is furthermore endorsed by 
several recent international transfusion guide-
lines and teaching books [ 68 ,  69 ].  

2.8     Hemostatic Agents 

2.8.1     Antifi brinolytics 

 Hyperfi brinolysis contributes signifi cantly to 
coagulopathy, and antifi brinolytic agents reduce 
the blood loss in patients with both normal and 
exaggerated fi brinolytic responses to surgery by 
preventing plasmin(ogen) from binding to fi brin 
and by preventing plasmin degradation of plate-
let glycoprotein Ib receptors [ 80 ]. In a placebo- 
controlled randomized study (CRASH-2) 
including 20,211 adult trauma patients, trane-
xamic acid as compared to placebo signifi cantly 
decreased all-cause mortality from 16.0 to 
14.5 %,  p  = 0.0035 [ 81 ]. We recommend moni-
toring of hemostasis with TEG to identify hyper-
fi brinolytic states in trauma patients and, 
consequently, targeted treatment with antifi bri-
nolytic agents.  

2.8.2     Recombinant Factor VIIa 

 Recombinant factor VIIa (rFVIIa) acts in phar-
macological doses by enhancing thrombin gen-
eration on the activated platelets independent of 
factors VIII and IX and is currently approved for 
episodes of severe hemorrhage or perioperative 
management of bleeding in patients with congen-
ital factor VII defi ciency and hemophilia A or B 
with inhibitors [ 82 ]. Data from the CONTROL 
trial, a phase 3 randomized clinical trial evaluat-
ing the effi cacy and safety of rFVIIa as an adjunct 
to direct hemostasis in major trauma, rFVIIa did 
not change mortality in patients with blunt 
(11.0 % (rFVIIa) vs. 10.7 % (placebo)) or pene-
trating (18.2 % (rFVIIa) vs. 13.2 % (placebo)) 
trauma [ 83 ]. In a recent review reporting on the 
rate of thromboembolic events in all published 
randomized placebo-controlled trials of rFVIIa 
use, Levi [ 84 ] reported that the rates of arterial 
thromboembolic events among all subjects were 
higher among those who received rFVIIa than 
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among those who received placebo (5.5 % vs. 
3.2 %,  p  = 0.003).  

2.8.3     Fibrinogen Concentrate 

 Conversion of suffi cient amounts of fi brinogen to 
fi brin is a prerequisite for clot formation, and 
reduction in the circulating level of fi brinogen 
due to consumption and/or dilution by resuscita-
tion fl uids induces coagulopathy [ 85 ]. It is, there-
fore, important to maintain an adequate fi brinogen 
level when continued bleeding is bridged by 
saline and/or colloid infusion or blood products 
(primarily RBC) without fi brinogen. Recent data 
indicate that coagulopathy induced by synthetic 
colloids such as HES may be reversed by the 
administration of fi brinogen concentrate [ 86 ]. A 
recent review only found four studies of poor 
quality assessing fi brinogen concentrate to bleed-
ing surgical and trauma patients and concluded 
that randomized controlled trials of suffi cient 
size and long-term follow-up need to be per-
formed before such a practice can be recom-
mended routinely [ 87 ]. The use of fi brinogen 
concentrate in patients with established hypofi -
brinogenemia, diagnosed by VHA (Functional 
Fibrinogen® or FibTEM®), in addition to a bal-
anced administration of RBC, FFP, and platelets, 
may however contribute to faster achievement of 
a normal hemostasis in massively bleeding 
patients, and we recommend the use of fi brino-
gen concentrate according to TEG-guided algo-
rithms in such patients.  

2.8.4     Prothrombin Complex 
Concentrate 

 The four-factor PCC encompasses coagulation 
factors II, VII, IX, and X that all are essential for 
thrombin generation. Administration of PCC is 
indicated for the treatment of congenital coagu-
lation disorders and to reverse orally adminis-
tered anticoagulation by vitamin K antagonists 
[ 88 ], whereas experience with treatment of mas-
sive bleeding with PCC is lacking. Recently, 
Carvalho et al. reported that the administration 
of PCC to patients with massive bleedings had 

benefi cial effect on hemostasis and this warrants 
further investigation in a randomized controlled 
setting [ 89 ].  

2.8.5     Factor XIII 

 Factor XIII is important for clot fi rmness by 
binding to platelets through the GPIIb/GPIIIa 
receptor and by cross-linking fi brin and increas-
ing the resistance of the formed clot against fi bri-
nolysis [ 90 ]. Notably, patients with “unexplained” 
intraoperative coagulopathies and, hence, bleed-
ing demonstrate signifi cantly less FXIII per unit 
thrombin available both before, during, and after 
surgery [ 91 ]. An increased tendency to postoper-
ative bleeding has been observed, even at factor 
XIII activities as high as 60 % [ 92 ]. The role of 
FXIII administration to bleeding trauma patients 
however remains to be investigated in random-
ized clinical trials.   

    Conclusion 

 Viscoelastic whole blood assays, such as TEG 
and ROTEM, are advantageous for identifying 
coagulopathy and guide ongoing transfusion 
therapy. From the result of these assays, the 
implementation of a hemostatic control resus-
citation strategy to massively bleeding patients 
seems both reasonable and lifesaving although 
data from prospective randomized controlled 
trials are lacking. Until a defi nite proof from 
such trials is available, retrospective data sup-
port a shift in transfusion medicine in regard 
to early and aggressive administration of 
plasma and platelets.     
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3.1            Introduction 

 In the past, imaging options in vascular trauma 
were limited and time-consuming. While “hard” 
signs of arterial and venous injuries still mandate 
immediate surgical treatment, exploratory lapa-
rotomy or thoracotomies are outmoded. Many 
patients are now treated endovascularly with, 
arguably, better outcomes. Good-quality imaging 
also prevents needless intervention. But not all 
modalities are equal and trauma surgeons should 
be aware of the limitations of each test. 

 Choice of imaging is dictated by anatomy. 
Duplex ultrasonography, no matter how expertly 
performed, will be of little use in chest trauma 
but is very helpful in patients with limb injuries; 
angiography, while useful in most territories, will 
not demonstrate isolated venous injuries and will 
be of no use in demonstrating soft tissue defects 
from ballistic injuries. Computerized tomo-
graphic angiography (CTA), in expert hands and 
with modern scanners, allows for both. As a 
result, it is rapidly becoming the investigation of 
choice in vascular trauma.  

3.2     The Evolution of 
Vascular Imaging 

 Vascular    imaging has evolved in recent years. 
Once, angiography in a radiology department 
was the gold standard. However, it is relatively 
slow and requires one physician and 2–3 
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 experienced  paramedical personnel for each 
study. In mass trauma and battlefi eld situations, 
this is not feasible. Over the last two decades, 
three technological innovations have reduced 
dependency on catheter arteriography and rele-
gated it to therapeutic interventions or rare diag-
nostic instances. First, computerized tomographic 
angiography (CTA) has become faster and more 
accurate. The standard CT scanner in most emer-
gency rooms is now a 64-slice scanner, and scan 
time is only 1–2 min. Secondly, the increasing 
sophistication of ultrasound scanners and physi-
cian familiarity with them have led to focused 
assessment with sonography in trauma (FAST) 
becoming an extension of the stethoscope for 
many emergency room physicians [ 1 ]. Thirdly, 
many level 1 trauma centers now boast at least 
one “hybrid” operating room, which allows for 

simultaneous open and endovascular treatment 
(Fig.  3.1 ).

3.3        Techniques 

3.3.1     Chest Radiography 

 Simple anteroposterior chest radiographs may 
demonstrate signs of blunt aortic injury. The clas-
sic sign is a widened mediastinum. While this 
suggests bleeding, it is not specifi c to aortic injury. 
In 2011, Paterson and colleagues reviewed the 
available literature on imaging in vascular trauma 
and listed eight signs on chest X-ray of blunt aor-
tic trauma (Table  3.1 ) [ 2 ]. A thoracic cavity to 
mediastinum ratio of 0.25 or an absolute medias-
tinal diameter of greater than 8 cm are markers of 

  Fig. 3.1    Hybrid operating room       
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injury. Chest X-ray was relatively sensitive with a 
high negative predictive value [ 3 – 6 ].

3.3.2        Ultrasound: Focused 
Assessment with Sonography 
in Trauma (FAST) and Duplex 
Ultrasonography 

3.3.2.1     Theory 
 Modern ultrasound employs a “pulse-echo” tech-
nique with a brightness-mode (B-mode) display. 
Small pulses of ultrasound (sound waves above 
normal human hearing, i.e., 20,000 Hz or 
20 KHz) are transmitted into the body. As ultra-
sound waves penetrate body tissues of differing 
densities and “acoustic impedances,” some are 
refl ected back as “echo signals” but most pene-
trate deeper or are absorbed. The amount of ultra-
sound or “echo” returned after hitting an object is 
called its “acoustic impedance.” Lungs (mostly 
air) allow passage of almost all sound waves and 
have the lowest acoustic impedance; bone has the 
highest. The echo signals are processed to form 
“grayscale” (black and white) images. 

 Sound waves are described in terms of their fre-
quency (cycles per second or hertz), wavelength 
(measured in millimeters), or amplitude (measured 
in decibels). Wavelength and frequency are 
inversely related. High-frequency sound has a 
short wavelength and vice versa. In medical 
devices, frequencies of 1–20 MHz are used. 
Selection of the correct ultrasound frequency for a 
given study is important. High- frequency ultra-

sound has high “axial resolution,” which means it 
can easily distinguish two structures at different 
depths along the path of those sound waves. It also 
has narrower “beam width” which aids “lateral 
resolution” or ability to distinguish two objects 
lying side by side. Unfortunately, high-frequency 
ultrasound is also rapidly absorbed or “attenuated.” 
So, it is most useful for superfi cial structures. Low-
frequency/long-wavelength ultrasound, on the 
other hand, can penetrate more deeply due to a 
lower degree of attenuation and is better for deeper 
structures. Typically, a 2- or 3-MHz probe will be 
needed to examine the deep-lying aorta and iliac 
arteries, whereas a 5-MHz probe should image the 
infrainguinal vessels in normal-sized individuals. 
Higher-frequency probes  (10–15 MHz) are used to 
image superfi cial nerves. Those used to ultrasound 
the anterior segment of the eye are 20–50 MHz. 

 As well as B-mode, modern units include 
pulsed-wave Doppler ultrasound to evaluate 
blood fl ow in arteries or veins (duplex ultraso-
nography). Christian Johann Doppler (1803–53) 
fi rst described the “Doppler effect” in 1842. 
When a sound source moves towards a stationary 
receiver, the sound waves are crowded closer and 
closer together so that the wavelength is shorter 
and the frequency higher resulting in a higher 
pitch, e.g., a police siren approaching a pedes-
trian. The Doppler effect is used to determine the 
relative speed of an object to a sound source by 
bouncing sound waves off the object and measur-
ing the shift in the frequency of the wave (also 
called the “Doppler shift”). Duplex ultrasonogra-
phy is when pulsed Doppler is performed along 
with B-mode ultrasound because of its ability to 
measure fl ow as well as solid structures. Duplex 
can effectively image many vascular injuries 
such as arteriovenous fi stulas, arterial disruption, 
intimal fl aps, and pseudoaneurysms.  

3.3.2.2     Equipment 
 Modern ultrasound units comprise a transducer 
probe, a central processing unit (CPU), display 
screen, and transducer pulse controls. The trans-
ducer probe sends and receives sound waves 
using  the piezoelectric effect . In 1880, French 
physicists Jacques and Pierre Curie found that, in 
crystalline materials (e.g., quartz, ceramics, 

   Table 3.1    Plain chest X-ray fi ndings suggestive of blunt 
aortic trauma   

 Mediastinal widening 
 Aortopulmonary window opacifi cation 
 Displacement of trachea/esophagus or nasogastric/
endotracheal tube to the left 
 Left mainstem bronchus displacement downwards 
 Rightward displacement of superior vena cava 
 Left apical cap 
 Left hemothorax 
 Markers of injury severity (fi rst rib fracture, scapula 
fracture, paraspinal rib fractures, sternal fracture) 

  From Patterson et al. [ 2 ] with permission  
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bone), mechanical pressure generates an electric 
charge. This is “reversible”—applying electrical 
charge to these crystals slightly alters their shape. 

 In a transducer probe, there are piezoelectric 
crystals (most commonly lead zirconate titanate 
or PZT). When current is applied to them, they 
change shape rapidly. These “vibrations” emit 
sound waves. Conversely, when these crystals 
are struck by sound waves such as those refl ected 
back from a solid body, they generate electrical 
currents. Between the crystal and the skin is a 
“matching layer” of aluminum powder in epoxy 
resin or rubber that decreases the acoustic 
impedance difference between the crystal and 
the skin. An acoustic lens focuses emitted sound 
waves. 

 The central processing unit (CPU) generates 
the electric currents that cause vibrations in the 
transducer probe’s crystals. It also processes the 
electrical pulses produced by the refl ected sound 
waves and generates grayscale images on the 
monitor. 

 Finally, the transducer pulse controls alter the 
electrical currents generated by the CPU. This 
changes the frequency and duration of ultrasound 
pulses produced by the transducer probe. Three 
parameters that can be adjusted: depth, frequency, 
and “gain.” The depth of tissue imaged can be 
adjusted on the machine by changing the fre-
quency of the emitted ultrasound. Variable fre-
quency probes allow such changes within a 
narrow range, e.g., 8–13 MHz. Ultrasound probes 
transmit ultrasound 1 % of time and “listen” for 
echoes 99 % of the time. Increasing the “gain” on 
the ultrasound machine increases signal amplifi -
cation of the returning ultrasound to compensate 
for tissue attenuation.  

3.3.2.3     Focused Assessment with 
Sonography in Trauma (FAST) 

 Focused assessment with sonography in trauma or 
“FAST scanning” is the practical application of 
B-mode ultrasound in trauma. It is used to detect 
free fl uid in the peritoneal cavity following blunt 
abdominal trauma [ 7 ]. It has supplanted procedures 
such as “four-quadrant tap” and diagnostic perito-
neal lavage (DPL) to diagnose intra- abdominal 
hemorrhage. It is noninvasive, is easily repeated, 
and is not hampered by previous  laparotomy or 

thoracotomy scars. Using a 3.5- MHz probe, four 
areas (the four Ps) are examined: perihepatic, peri-
splenic, pelvic, and pericardium. 

 FAST scanning is easily taught. Shackford 
concluded that only ten scans were needed to 
become profi cient [ 8 ]. The sensitivity of FAST 
ranges from 29 to 100 % and specifi city from 94 
to 100 % [ 8 – 14 ]. As it can be rapidly performed, 
many see the real role of FAST scanning as con-
fi rming the site of injury in a hemodynamically 
 unstable  patient. However, its role in the manage-
ment of the hemodynamically  stable  patient with 
blunt abdominal trauma has been questioned, 
especially if CTA is readily available [ 9 ]. In the 
largest series, from Omaha, Nebraska, involving 
2,980 patients, Natarajan reported a sensitivity of 
only 41 % in blunt abdominal trauma patients for 
FAST scanning (Table     3.2 ) [ 11 ]. The authors 
concluded that focused assessment with 
 sonography for trauma in hemodynamically sta-
ble blunt trauma patients “seems not worthwhile” 
and that it should be reserved for hemodynami-
cally unstable patients with blunt trauma. One 
might suggest that it will add little here, either, as 
these patients are going to the operating room 
regardless of their FAST scan fi ndings. False 
negatives in FAST scanning are not confi ned to 
tyros. Even experienced operators may have a 
missed injury rate in these patients of 10 % [ 15 ]. 
Despite this, FAST scanning will continue to 
have a role. For most experienced emergency 
room physicians, it adds little time to assessment 
and will, more often than not, provide useful 
information.

3.3.2.4        Duplex Ultrasonography 
 While FAST scanning can be performed compe-
tently with relatively little training, duplex ultra-
sonography, especially in trauma patients, 
requires a much higher level of expertise. In 
trauma, duplex is used for extremity and cervical 
injuries and to follow conservatively managed 
injuries. But it is highly operator dependent and 
can be time-consuming. It is also limited by soft 
tissue defects, subcutaneous air, and casts applied 
to stabilize fractures or ligamentous injuries. 

 In the management of head and neck trauma, 
duplex is effective in screening for carotid and 
vertebral injury. In patients with penetrating neck 
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injuries, it has been shown to have a 90.5–100 % 
sensitivity for detecting intimal fl aps, dissections, 
occlusions, and pseudoaneurysms with a speci-
fi city of 85–100 % [ 16 – 19 ]. Important limita-
tions, however, are an inability to image the distal 
internal carotid artery above the level of the man-
dible (zone III) and the common carotid artery 
proximal to the clavicle (zone I) [ 20 ]. Nonetheless, 
the Eastern Association for the Surgery of 
Trauma currently recommends that for hemody-
namically stable patients, with penetrating zone 
II neck injuries, Duplex (and CTA) can safely 
replace conventional angiography [ 21 ]. This was 
based on several retrospective and prospective 
studies [ 16 ,  22 ,  23 ]. 

 Initial reports on the use of duplex for extrem-
ity vascular injuries were encouraging. Knudson 
in 1993 reviewed his group’s experience with 86 
extremity injuries and found a 100 % true posi-
tive rate [ 23 ]. However, more recent assessments 
have been less enthusiastic. Felliciano in 2011 
reported sensitivities in the 50–100 % range [ 24 ]. 
Unlike FAST scans, in most ERs, duplex is not an 
extension of the stethoscope and will not be 
available “out of hours.”   

3.3.3     Catheter Angiography 

 The fi rst angiograms were hazardous affairs. In 
1927, a “colorful” Portuguese physician Antonio 
Egas Moniz performed the fi rst cerebral angio-
gram (Fig.  3.2 ) [ 25 ]. Moniz, who was (somewhat 
controversially) awarded the 1949 Nobel Prize 
for championing prefrontal lobotomy, performed 
a direct cutdown onto the carotid arteries to obtain 
exposure [ 26 ,  27 ]. He used strontium  bromide as 

the contrast agent. Four of the fi rst six had com-
plications and one died. In 1931, he began to use 
colloidal thorium oxide as his contrast agent, 
which unfortunately, as a perpetual α-particle 
emitter, is carcinogenic, and has a biological half-
life of 500 years. In 1949, a patient shot him and 
he was wheelchair bound until his death in 1955. 
In 1929, Reynaldo Cid dos Santos performed the 
fi rst aortogram, also in Lisbon [ 28 ]. He performed 
it with a long needle using surface anatomy 
 landmarks. A safer technique for percutaneous 
femoral access was developed by Sven Ivar 

   Table 3.2    Sensitivity and specifi city of focused assessment with sonography in trauma (FAST)   

 Study  Number  Sensitivity (%)  Specifi city (%)  NPV (%) 

 Smith (2013) [ 10 ]  166  90  100  N/A 
 Natarajan (2010) [ 11 ]  2,130  43  99  94 
 Gaarder (2009) [ 9 ]  104  62  96  89 
 Tsui (2008) [ 15 ]  242  86  99  98 
 Nural (2005) [ 79 ]     454  86.50  95.40  98.70 
 Dolich (2001) [ 80 ]  2,576  86  98  98 
 Becker (2010) [ 81 ]  3181  75  98  95 
 Kim (2012) [ 82 ]  240  61  96  83 

  Fig. 3.2    Antonio Egas Moniz (1874–1955). Pioneer of 
angiography       
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Seldinger at the Karolinska Institute in Stockholm 
in 1953 [ 29 ]. Catheter-based interventions began 
with Charles Dotter in 1964, and coronary bal-
loon angioplasty was fi rst performed by Andreas 
Gruentzig in 1977 [ 30 ,  31 ].

3.3.3.1       Theory 
 Contrast media and fl uoroscopy are the essentials 
of catheter angiography. Current contrast agents 
are iodine based. Iodinated contrast agents are 
either “ionic” or “nonionic.” Ionic contrast agents 
were introduced in the 1930s. They have a high 
osmolality (osmoles per kilogram of solvent) and 
solubility but low viscosity. They are also known 
as high-osmolar contrast media (HOCM) as their 
osmolality is 7–8 times that of plasma. All are 
based on a benzene ring containing three iodine 
atoms, which dissociate in water into cations and 
anions, hence the term “ionic.” They are hyper-
tonic to enable them to achieve a high-enough 
concentration of iodine to provide intravascular 
contrast. However, such high osmolalities and 
viscosities (e.g., Hypaque has an osmolality 
of 1,500–1,700 mOsm/kg compared to 275–
295 mOsm/Kg for human plasma) can cause 
vasodilatation, heat, pain, osmotic diuresis, and 
myocardial depression. Nonionic or iso-osmolar 
contrast media (IOCM) consist of two benzene 
rings, each with three iodine atoms, which are 
covalently bound and do not dissociate in water 
(hence “nonionic”). The osmolality of a typical 
nonionic contrast agent, such as Visipaque, is 
300 mOsm/Kg. As a result, IOCMs have fewer 
side effects. Typically, ionic contrast agents will 
be associated with a 1:40,000 incidence of fatal 
anaphylaxis compared to 1:170,000 for nonionic 
contrast agents. 

 The second component is a fl uoroscope with 
an image intensifi er to display real-time X-ray 
images. A patient is placed between an X-ray 
source and a fl uorescent screen (a transparent 
screen coated on one side with a phosphor that 
fl uoresces when exposed to X-rays). The screen 
is coupled to an image intensifi er (a vacuum tube 
device that converts low levels of light from the 
fl uoroscope into visible light). A charge-coupled 
device (CCD) video camera converts the incom-
ing light photons into digital images. Digital 

 fl at- panel detectors are the modern incarnation of 
the image intensifi er/video camera combination. 
Digital subtraction is where an initial mask 
image, containing bone, is taken, followed by a 
contrast study. The “mask” image is then removed 
from the subsequent images. There are two imag-
ing modes on most contemporary machines: “fl u-
oroscopy” and “acquisition” or “cine” mode. 
Fluoroscopy provides a real-time image of suffi -
cient quality to guide catheter and wire place-
ment. Typical frame rates are 3–5 frames per 
second. Acquisition (cine) mode, which is some-
times called “run” or “record” mode, generates 
much higher-quality images—at the expense of 
much higher radiation doses. A typical acquisi-
tion per-frame dose of radiation is 15 times that 
of fl uoroscopy.  

3.3.3.2    Equipment 
 The equipment for trauma angiography is no dif-
ferent from that required for elective angiogra-
phy. For best results, especially if interventions 
are anticipated, these studies are best performed 
in a fully stocked interventional radiology suite 
(or hybrid room) with trained personnel.  

3.3.3.3    Technique 
 In trauma patients, the likely point of access will 
be the common femoral artery. Local anesthesia 
over the common femoral artery is used with 
monitored sedation, if the patient is hemodynam-
ically stable. In diffi cult cases, ultrasound guid-
ance is useful to facilitate access. Either way, a 
Seldinger technique is used to access the artery. 
Aggressive hydration and use of half-strength 
contrast help to minimize renal insult in patients 
with chronic kidney disease (CKD). In elective 
patients with CKD, CO 2  angiography is useful 
but is unlikely to be as helpful in trauma due to its 
lack of fi ne detail.  

3.3.3.4     Angiography in Vascular 
Trauma 

 Catheter angiography is still an excellent tech-
nique in vascular trauma. It is a dynamic study, so 
it will demonstrate hemorrhage and allow for 
deployment of covered stents or coils to staunch 
bleeding (Fig.  3.3 ).
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   In cervical trauma, catheter angiograms are 
especially useful in imaging zone I or zone III 
injuries. Usually, selective catheterization of the 
carotid and vertebral arteries is performed for a 
complete study, and multiple views are taken, 
including anteroposterior, lateral, and oblique 
views. However, diagnostic carotid angiography 
is not routinely performed now for carotid steno-
sis due to reliable, noninvasive imaging. And 
carotid stenting, despite its proponents, is still 
confi ned to a minority of centers. Hence, exper-
tise is not as widely available as it once was. 
Catheter angiography also carries risks. Even in 
the best hands, stroke-mortality risk from elec-
tive procedures is 1.2 % [ 32 ]. 

 In the past, screening angiography was advo-
cated for  penetrating  neck injuries in place of 
blind exploration. It is certainly very sensitive in 
detecting arterial injuries but, as a screening tool, 
only provides positive fi ndings in 7 % of stab 
wounds and 27 % of gunshot wounds [ 33 ]. 

 Catheter angiography is still the “gold stan-
dard” for diagnosing traumatic carotid dissection 
following  blunt  trauma. Untreated, traumatic 
 dissection is associated with a stroke rate of 

35 % [ 34 ]. Prompt diagnosis and treatment before 
symptoms of ischemia are crucial. But the inci-
dence of carotid and vertebral artery dissection in 
patients with serious markers of blunt cervical 
trauma such as LeFort II or III facial fractures 
and skull base fractures is only 29 %, meaning 
71 % of patients will undergo an invasive proce-
dure (and potentially fatal) test for no benefi t 
[ 35 ]. Cervical CTA, on the other hand, is rapid, 
noninvasive, and virtually risk-free. It has been 
reported to be 100 % sensitive, even using 
16-slice scanners, and aggressive CTA screening 
has been shown to reduce stroke due to blunt cer-
vical vascular injury fourfold with no adverse 
outcomes attributed to the diagnostic test [ 36 , 
 37 ]. Consequently, it has largely superseded con-
ventional angiography in these patients. 

 Blunt trauma is the most common form of 
 thoracic aortic trauma (Fig.  3.4 ). Most (85 %) of 
patients with thoracic aortic trauma die at the 
scene of the accident, and if untreated, most of 
the remaining 15 % die within 3 days. 
Aortography was formerly the gold standard. 
However, in the presence of near-complete aortic 
transection, it may not be possible to pass a cath-
eter past the injured area and a brachial approach 

  Fig. 3.3    Carotid arteriogram       

  Fig. 3.4    Thoracic aortogram. A marker catheter is 
located within the arch of the aorta. The innominate, left 
common carotid, and left subclavian arteries are well 
seen, as are the vertebral arteries       
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is required. Although there are no reports of cath-
eters penetrating an area of aortic injury, there are 
reports of full rupture of the aorta after “power” 
injection [ 38 ]. Neither will it display associated 
venous or soft tissue injuries. However, it will 
allow for intervention and stenting of aortic inju-
ries. It is usually performed via a femoral 
approach. For abdominal aortic trauma, the same 
arguments apply, although for injuries to visceral 
or renal arteries, catheter angiography will allow 
treatment of vessels that surgically may be rela-
tively inaccessible.

   Peripheral arterial injuries occur in 1–2 % of 
major domestic trauma patients but are more fre-
quently encountered in modern warfare (Fig.  3.5 ). 
Again, catheter angiography was once regarded 
as the gold standard. In 1991, Frykberg studied 
135 patients by angiography who had a normal 
vascular examination [ 39 ]. He found 18 % had 
occult vascular injuries, but only one of these 
actually ever came to surgery; the rest resolved. 
The complication rate for peripheral angiography 
ranges from 0.37 to 9.1 % with mortality of 
0–0.7 % [ 40 – 42 ]. It has a sensitivity of 95.5–
98.3 % and a specifi city of 97.7–98.5 % [ 43 ,  44 ].

3.3.4         Magnetic Resonance 
Angiography (MRA) 

 Magnetic resonance angiography (MRA) was 
used, in the past, for vascular patients with con-
trast allergies or renal impairment who could not 
tolerate conventional contrast studies. However, 
following reports linking gadolinium to the 
development of nephrogenic systemic sclerosis, 
enthusiasm has waned [ 45 – 47 ]. Long image 
acquisition times (20–30 min) and substantial 
improvements in the quality of CTAs have mili-
tated against MRA’s wider use. Nonetheless, 
there are still instances in vascular trauma where 
MRA is useful. 

3.3.4.1    Theory 
 While the language of conventional angiography 
is familiar to all vascular specialists, MRI termi-
nology is often impenetrable to those without a 
strong physics background. In fact, the theory 

and terminology need not be so intimidating. 
Humans contain a lot of water (H 2 O), and each 
molecule of H 2 O contains two hydrogen atoms 
each with a single proton. When mammalian tis-
sue is subjected to a strong magnetic fi eld, the 
average magnitude and direction (“magnetic 
moment”) of the protons become aligned with 
that of the magnetic fi eld. A radiofrequency cur-
rent is briefl y turned on which is absorbed by the 
tissue and “fl ips” the spin of the protons. When it 
stops, the protons’ spins return to baseline. 
During this “relaxation,” a radiofrequency signal 
is generated that can be measured by the receiver 

  Fig. 3.5    Completion arteriogram of right lower extrem-
ity. A patient with a dissection of his above-knee popliteal 
artery with completion arteriogram following an endovas-
cular intervention       

 

J. Byrne and R.C. Darling III



41

coils. As protons in different tissues return to 
their equilibrium state at different relaxation 
rates, MRI can detect the different contrasts of 
soft tissues, which makes it especially useful for 
imaging neural, muscular, and connective 
tissues. 

 When the radiofrequency wave is switched 
off, the protons relax in two different ways. One 
involves a return of protons to their original 
alignment with the static magnetic fi eld called 
“longitudinal” or “spin-lattice” relaxation and is 
characterized by a time constant  T  1 . This gives 
rise to  T  1 -weighted images. 

 The second form of relaxation is best com-
pared to what occurs when a child’s spinning top 
loses its momentum and starts spinning errati-
cally before coming to rest. In MRI, what occurs 
is called loss of “synchrony of precession” of 
protons (precession is the change in orientation 
of the rotational axis of a rotating body, e.g., the 
axis of a rotating toy top changes as it spins). 
Before the radiofrequency wave is applied, the 
precessional orientation of the protons is random. 
When the wave is applied, it brings the protons 
into synchronous precession (“in phase”). When 
it is switched off, the protons revert to their asyn-
chronous, random state, collide with their neigh-
bors, and give up energy. This is called 
“transverse” or “spin-spin” relaxation and is rep-
resented as a time constant  T  2 . It gives rise to  T  2 - 
weighted  images. 

 In  T  1 -weighted images, fl uids are very dark 
and fatty tissues are very bright. Clear boundaries 
can be seen between the tissues, so they are 
known as “anatomy” scans. In  T  2 -weighted scans, 
fl uids are bright and fatty tissues are gray. 
Abnormal fl uid collections show up as bright 
against the darker normal tissue. They are also 
called “pathology” scans. Manipulating the 
radiofrequency wave preferentially produces  T  1  
and  T  2  images. 

 Whereas contrast agents in conventional angi-
ography exhibit a direct dose-dependent effect on 
the image (the more contrast in the vessel, the 
more intense the image), contrast agents used in 
MRI “indirectly” affect the image by shortening 
 T  1  and  T  2  relaxation times. In fact, MRI contrast 
agents are paramagnetic molecules (molecules 

with unpaired electrons, e.g., Fe ++  has two 
unpaired electrons). These unpaired, negatively 
charged, electrons facilitate the relaxation of the 
positively charged hydrogen protons following 
radiofrequency stimulation. As gadolinium has 
seven unpaired electrons, it is very effective. 
However, problems with gadolinium have led to 
a search for newer, safer contrast agents. In 2012, 
Sitharman and his group described graphene 
oxide nanoribbon (GONR)-based contrast agents 
as a safe alternative to gadolinium [ 46 ].  

3.3.4.2    Equipment 
 MRI scanners must produce a uniform magnetic 
fi eld (not varying by more than 0.0001 %). MRI 
magnets are strong. The Earth’s magnetic fi eld is 
0.00005 T; small bar magnets are 0.01 T. The 
magnets used in MRI scanners are 0.5–3.0 T. An 
MRI with a 3.0-T-strength magnet may be 
referred to as a “3-T MRI” or “3-T MRI.” Lower 
fi eld strengths (0.3 T) are obtained with perma-
nent MRI magnets. These are used in “open” 
MRI scanners, for claustrophobic patients. 
Higher fi eld strengths can be achieved only with 
superconducting magnets.  

3.3.4.3    Technique 
 Contrast-enhanced MRA is the technique of 
choice for modern imaging. Not everybody is 
suitable for MRA. Pregnancy is a contraindica-
tion, as gadolinium crosses the placenta and the 
effects of heat and noise on the fetus are not 
known. If the patient has shrapnel or bullet and 
grenade fragments, these will be contraindica-
tions. Pacemakers and ferromagnetic surgical 
implants are also contraindications. Stainless steel 
skin staples are contraindicated, but it is notewor-
thy that titanium (of which many surgical clips are 
composed) is a non-ferromagnetic substance. 
Peripheral vascular and coronary artery stents and 
inferior vena cava (IVC) fi lters are composed of 
nitinol and are not contraindications. However, 
transvenous pacing leads and pulmonary artery 
catheters, while not containing ferromagnetic 
substances, may heat and cause thermal injuries 
and are not recommended. Peripheral access is 
required and anxious patients may need intrave-
nous conscious sedation with midazolam. It takes 
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20–40 min to complete an examination, and it is 
important that the patient can cooperate by 
remaining still. In trauma patients, with other 
injuries, this may be diffi cult.  

3.3.4.4    CE-MRA in Vascular Trauma 
 Given the duration of each study and need for 
patient cooperation, patients must be stable to 
undergo these studies. Also, the list of contraindi-
cations listed above may preclude some trauma 
patients. MRA in trauma seems to be limited to 
assessment of blunt cervical trauma. Ren and col-
leagues assessed the use of MRA in 319 patients 
with blunt cervical trauma and found that it effec-
tively diagnoses vertebral artery injury, but previ-
ous studies showed that it had only 50 % 
sensitivity for carotid artery injury and 47 % for 
vertebral artery injury compared to carotid angi-
ography [ 35 ,  48 ]. There are no reports of the use 
of MRA to assess thoracic or abdominal vascular 
injuries or peripheral arterial trauma.   

3.3.5     Computerized Tomographic 
Angiography (CTA) 

 Sir Geoffrey Hounsfi eld pioneered CT scanning 
at EMI (Electric and Music Industries Ltd.) 
Laboratories in the 1960s [ 49 ]. He came up with 
the idea that it might be possible to determine the 
contents of a box by taking X-rays at all angles 
around the object. Allan Cormack (1924–1998), a 
South African physicist, had already described 
how radiation absorption or attenuation differed 
between tissues and was not uniform, as had pre-
viously been assumed [ 50 ]. The fi rst CT scan was 
performed on a woman with a frontal tumor at the 
now defunct Atkinson Morley Hospital, a special-
ist neurosciences hospital, in London. However, 
EMI, in the 1960s, was mainly a successful music 
company (they were the Beatles’ record label), 
and they quickly lost their leadership in CT scan-
ning. Cormack and Hounsfi eld jointly received 
the Nobel Prize for Medicine in 1979. 

3.3.5.1    Theory 
 The basic theory of CT is relatively simple. An 
X-ray source is used to irradiate a thin slice of 

tissue. The X-rays are attenuated (or lose their 
intensity) to varying degrees, depending on tissue 
absorption. An X-ray from a single source, how-
ever, will not be adequate to allow three- 
dimensional reconstruction. It is necessary, as 
Hounsfi eld knew, to irradiate the object from all 
directions in a single plane and then to recon-
struct the images. Johann Radon (1887–1956) 
fi rst elucidated the mathematics. In 1917, he 
described the radon transform (the integral of a 
function over straight lines) [ 51 ]. But practical 
application required the invention of modern 
computers. Every CT slice is subdivided into a 
matrix of up to 1024 × 1024 volume elements or 
 voxels . Each voxel is X-rayed numerous times 
during a CT scan. This allows the “attenuation 
coeffi cient” of that voxel to be calculated, which 
is how easily a beam of light, sound, or other 
energy penetrates a material. The attenuation val-
ues for each voxel are digitally represented as 
pixels. Each pixel (and hence each voxel) has a 
radiodensity value called a Hounsfi eld unit (HU). 
Water is “0” Hounsfi eld units and air “−1,000.” 
Dense bone will have a value of “+3,000.” On a 
gray scale, air is black and bone white.  

3.3.5.2    Equipment 
 The fi rst CT scanners acquired images a single 
slice at a time (sequential scanning). This was 
time-consuming. In 1990, slip ring technology 
was developed which led to the development of 
the spiral CT scanner. In spiral scanners, the 
X-ray tube rotates continuously around the table, 
while an array of detectors measures the trans-
mitted radiation. This was followed by multide-
tector row computed tomography (MDCT) in 
1998.    Current 64-slice multidetector row com-
puted tomography, or 64-MDCT, allows for rapid 
scanning time and thinner slice thickness. The 
most recent development in CT scanners has 
been “dual-source” CT technology. Dual-source 
CT uses two X-ray tubes and two detectors 
arranged at 90° angles, allowing reconstruction 
of cross-sectional images at one quarter of the 
gantry rotation time. It is particularly useful for 
cardiac scans, allowing CT to be performed with-
out lowering heart rates by administration of 
β-blockers, as is usually the case. Imaging with 
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dual-source CT even allows determination of the 
average atomic number in each voxel. This is sig-
nifi cant as it allows differentiation between cal-
cium (atomic weight 40) in an arterial wall and 
iodinated contrast medium (atomic weight of 
iodine 127) and nitinol (atomic weight of nickel 
58.7, titanium 48), which are diffi cult to other-
wise differentiate, even using 64-MDCT.  

3.3.5.3    Technique 
 For a CTA, the patient is injected with 50–100 mL 
of iodinated contrast material at 5 mL/s, followed 
immediately by a 40-mL 0.9 % saline bolus at 
5 mL/s through an 18- or 20-gauge catheter 
located in an antecubital vein. There are four 
phases to CT scanning: precontrast, arterial, 
venous, and delayed phases. Precontrast studies 
detect vascular calcifi cations, metallic implants, 
surgical clips, and hematomas. The arterial phase 
scan is done 30 s after contrast injection. Modern 
CTs use bolus-tracking software to monitor con-
trast enhancement of the aorta. Splenic and 
hepatic injuries can be detected in the venous 
phase, which is performed 70–120 s after the end 
of the initial injection.    A third scan (delayed 
phase) is done 3 min later in the pyelogram phase 
if renal trauma is suspected. To detect suspected 
venous injuries, dual-phase scanning must be 
used. 

 An MDCT angiogram generates more than a 
1,000 axial images. Initial assessment is done on 
the basis of the axial images. However, it is also 
possible to “post-process” these into images that 
approximate normal anatomy. A post-processing 
workstation is used to manipulate these data. 
Modern 64-slice CT scanners will offer recon-
structions using four techniques: maximum 
intensity projection (MIP), volume rendering 
(VR), multiplanar reconstruction (MPR), and 
curved planar reconstruction. Each has its advan-
tages. In the trauma situation, this may not be 
possible in a timely manner nor may it alter 
management.  

3.3.5.4    CTA in Vascular Trauma 
 The sensitivities and specifi cities of CTA for 
detecting vascular damage in trauma patients in 
all anatomical territories are very high. There are 

several caveats, however. Artifacts from metallic 
foreign bodies in ballistic injuries or underlying 
vascular calcifi cation may hinder accurate inter-
pretation. Technical problems, such as inaccurate 
contrast timing, patient movements during the 
scan, and injection-site artifacts may also render 
the scan useless. However, these pitfalls are not 
frequent, especially in civilian injuries.    If foreign 
bodies are a problem, one still has the option to 
perform a catheter angiogram. 

 In a recent excellent review in 2011, Patterson 
reviewed the use of all modalities in assessing 
vascular trauma and concluded, on the basis of a 
systematic review of the literature, that CTA 
should be the fi rst-line investigation for all 
patients with suspected vascular trauma without 
“hard signs” mandating immediate surgery [ 2 ]. 
The results from most modern series are certainly 
impressive in all territories (Tables  3.3 ,  3.4 ,  3.5 , 
and  3.6 ).

      For  blunt  cervical trauma, Berne reported a 
sensitivity of 100 % and specifi city of 94 % for 
CTA among 486 patients admitted with head and 
neck trauma [ 52 ]. It has also been shown to be 
more cost-effective than conventional angiogra-
phy [ 53 ]. However, some studies suggest that in 
blunt cervical trauma, CTA is inferior to conven-
tional angiography, even when using high- 
resolution 64-slice CT scanners (sensitivity 
54 %) [ 54 ]. However, opinion now seems to favor 
CTA, at least using 64-slice scanners. In many 
centers, it is regarded as having equivalent sensi-
tivity to conventional angiography. Most level 1 
trauma centers have protocols that trigger cervi-
cal CTA when certain screening criteria are met 
and angiography is reserved for equivocal situa-
tions or with an intention to treat an injury. 
Overall, for blunt cervical trauma, CTA has 
reported sensitivities of 41–100 %, specifi city of 
86–100 %, and negative predictive values of 
90–99.3 % [ 37 ,  54 – 56 ]. 

 For  penetrating  cervical trauma, CTA demon-
strates soft tissue trauma and fractures as well as 
vascular injuries. This is important when ballistic 
injuries have been sustained. CTA is highly sensi-
tive (90–100 %) and specifi c (91–100 %) in these 
circumstances, compared to angiography, with a 
negative predictive value of 98–100 % [ 57 – 59 ]. 
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Patterson reported that this led to a reduction in 
negative exploration rates from 78 to 0 % in some 
centers [ 2 ]. Their report, however, also cited a 
number of missed internal jugular injuries due to 
lack of bleeding at the time of the CTA. 

 Many studies addressing the usefulness of 
CTA in assessing blunt aortic injuries discuss 
“direct” and “indirect” signs of aortic injury. 
Direct signs are pseudoaneurysm, intramural 
hematoma, dissection fl ap, and contrast extrava-
sation. “Indirect” signs are mediastinal hema-
toma and an isolated fl ap in 1–2 slices [ 2 ]. CTA, 
using modern scanners, is sensitive (86–100 %) 
and specifi c (40–100 %) in detecting aortic injury 
in the event of blunt chest trauma. CTA also has 
high positive predictive values (7–100 %) and 
negative predictive values (93.9–100 %) 
when compared to conventional angiography 

[ 5 ,  60 – 62 ]. Routine use of CTA for chest trauma, 
instead of angiography, in one center, resulted in 
cost savings of more than $365,000 during a 
4-year period [ 63 ]. 

 For abdominal injury, in the absence of “hard” 
signs mandating surgery, for  penetrating  injury, 
CTA had a false-negative rate of 0 % [ 64 ,  65 ]. For 
patients with  blunt  abdominal injury, it is simi-
larly accurate [ 66 ]. 

 Contemporary reports from level 1 trauma 
centers strongly support the use of CTA in evalu-
ating limb injuries [ 67 ,  68 ]. It has the advantages 
of being noninvasive and rapidly available in 
modern trauma units [ 69 ]. In trauma units deal-
ing with multiple combat injuries CTA is also the 
investigation of choice [ 70 ]. It demonstrates long 
bone fractures and dislocations and it is more 
suitable for children, who may not be able to 

   Table 3.4    Effi cacy of CTA in the diagnosis of penetrating cervical trauma   

 Reference  Year  Mode  Screened 
 Sensitivity 
(%) 

 Specifi city 
(%) 

 PPV 
(%) 

 NPV 
(%)  Conclusion 

 Múnera 
et al. [ 57 ] 

 2002  CTA  versus  
angiography 

 60  90  100  100  98  One injury missed; 
diagnosis correctly 
excluded in 59 
patients 

 Gracias 
et al. [ 58 ] 

 2001  CTA  versus  
angiography 

 23  90  100  100  98  CTA appropriate for 
all zones of injury 

 Mazolewski 
et al. [ 59 ] 

 2001  CTA  versus  
angiography 

 14  100  91  75  100  CTA is accurate and 
may reduce the rate 
of negative 
exploration 

 Múnera 
et al. [ 57 ] 

 2002  CTA  versus  
angiography 

 175  100  98.6  92.8  100  No missed injuries 
with CTA; majority of 
patients (146 of 175) 
ultimately treated by 
observation 

 Gonzalez 
et al. [ 90 ] 

 2003  CTA  42  57  –  –  –  No arterial injuries; 4 
of 7 internal jugular 
injuries detected 

 Inaba 
et al. [ 91 ] 

 2006  CTA  44  –  –  –  –  If stable, internal 
jugular injuries can be 
managed without 
surgery 

 Inaba 
et al. [ 92 ] 

 2006  CTA  versus  
angiography 

 91  100  93.5  –  –  No injuries missed by 
CTA; mostly zone II 
injuries 

 Hogan 
et al. [ 71 ] 

 2009  CTA  41  88  100  100  97  Highly accurate 

  From Patterson et al. [ 2 ] with permission 
  PPV  positive predictive value,  NPV  negative predictive value,  CT ( A ) computed tomography (angiography)  
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fully cooperate with catheter angiography [ 71 ]. 
As well as being an extremely sensitive (95–
100 %) and specifi c (87–100 %), it is also more 
 cost- effective than conventional angiography 
[ 69 ,  71 – 74 ]. 

 In polytrauma patients, especially those who 
are intubated or cannot give a coherent history or 
those who are now stable but have a history and 
examination suggesting severe injury, “whole- 
body CT” or “pan-scan” has been advocated to 
screen for serious injury. Accomplished with a 
single injection of intravenous contrast, the pan- 
scan has been suggested as a means of reducing 
the incidence of missed injuries in polytrauma 
patients. In 2012, Stengel and colleagues in 
Germany evaluated the benefi ts of such an 
approach using a 64-slice CT scanner [ 75 ]. They 
found that in polytrauma patients “pan-scans” 
had a specifi city of 97.5–99.8 % and a sensitivity 
of 79.6–86.7 %. Scans were most accurate 
24–34 min after admission, possibly because 
fl uid resuscitation was established in these 
patients. 

 In 2009, the Working Group on Polytrauma 
of the German Trauma Society found that the 
 integration of pan-scans into early trauma care 
signifi cantly increased the probability of sur-
vival for 1,494 patients with polytrauma [ 76 ]. 
Wurmb, also from Germany, found that pan-
scans shortened the time from emergency depart-
ment admission and the start of surgery and 
improved patient care, even if they did not reduce 
overall mortality [ 77 ].    

    Conclusion 

 Vascular imaging has progressed a lot since 
the fi rst angiogram in 1929. It has become less 
invasive and more accurate. Vascular imaging 
in the form of the FAST scan has brought 
(indirect) vascular imaging to the patient’s 
bedside, without adding time to patients’ 
work-up. Duplex is useful in expert hands for 
cervical and extremity trauma but is more 
operator dependent than FAST scanning and 
may not be instantly available in many cen-
ters. MRA, while once seen as promising, has 
now been sidelined to some degree, due to 
concerns about gadolinium, metallic foreign 

bodies, and the time taken to acquire good 
images. The real advance in vascular imaging 
in the last decade has been in the fi elds of 
CTA, where increased sophistication of scan-
ners allied with fast scan times and almost uni-
versal familiarity with image manipulation 
and interpretation has led to it becoming the 
imaging modality of choice in all anatomic 
territories. Catheter angiography is still 
regarded rightly as the “gold standard,” but its 
role has changed to being a therapeutic modal-
ity as much as a diagnostic one. The real win-
ners, though, are trauma patients for whom 
diagnostic peritoneal lavage, four-quadrant 
tap, and exploratory laparotomy and thoracot-
omy are now regarded as historical practices.     
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4.1            Introduction 

 Trauma scoring systems have been developed for 
tracking outcomes and developing standards in 
trauma centers. These standards allow groups like 
the American College of Surgeons Committee on 
Trauma (COT) to help develop measure and com-
pare outcomes at trauma centers during the veri-
fi cation process. Injuries are applied to various 
scoring systems, and the predicted outcomes are 
measured against the actual outcomes to validate 
the scoring systems utilized. When applied to 
patients with concomitant vascular trauma, these 
scoring systems are poor predictors of outcome.  

4.2     Abbreviated Injury Score 

 The Abbreviated Injury Score (AIS) is the basis 
from which most other trauma scoring systems 
are derived. First introduced in 1969 and updated 
in 1990, this anatomically oriented scoring sys-
tem was developed by Copes et al. [ 1 ]. Injuries 
are scaled from one to six, with one being minor 
injuries, fi ve being severe injuries, and six being 
unsurvivable trauma. The AIS forms the basis for 
other trauma scoring systems, such as the Injury 
Severity Score (ISS).  
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4.3     Injury Severity Score 

 The Injury Severity Score (ISS) uses the AIS 
to assign points to six body regions: the head 
and neck, the face, the chest, the abdomen, the 
extremities, and the external regions. The top 
three scores are squared and added together, the 
sum of which equals the ISS. A score of 6 in any 
body region leads to an automatic total score of 
75 no matter what the other body systems add 
up to; the overall range of scores falls between 
0 and 75. The ISS has a positive correlation to 
overall morbidity and mortality and length of 
stay. However, this correlation falters in patients 
who have concomitant vascular injuries. 

 A specifi c organ injury scale (OIS) also exists 
for a variety of body systems. In general, the more 
severe the laceration, hematoma, or overall injury 
to the organ, the greater the score that is assigned. 
Grade I injuries are relatively minor, while grade 
V injuries may be lethal. Nonoperative, endovas-
cular, and open surgical management decisions 
are occasionally based on the grade of injury to a 
particular organ system.  

4.4     Glasgow Coma Score 

 The Glasgow Coma Score (GCS) sums the 
best eye response, verbal response, and motor 
response. The range is from 3 to 15, with higher 
scores correlated to improved morbidity and 
 mortality. Scores over 13 are associated with the 
best outcome, those between 9 and 12 predict 
moderate neurological injury, and scores of 8 or 
less are associated with potentially severe neu-
rological trauma. While the GCS has utility by 
itself, it is often used with the Revised Trauma 
Score (RTS) to better predict outcomes.  

4.5     Revised Trauma Score 

 The RTS is a physiologic scoring system that is 
based on the GCS, systolic blood pressure, and 
respiratory rate. A score of 0 is assigned to any 
patient with a GCS of 3, no appreciable systolic 
blood pressure, or no spontaneous respiratory 

effort. A score of 1 assigned to patients with a 
GCS of 4 or 5, SBP under 50 mmHg, and a respi-
ratory rate of 5 or lower. A score of 2 is assigned 
to patients with a GCS of 6, 7, or 8, SBP below 
75 mmHg, and a respiratory rate below 10. 
A score of 3 is assigned to patients with a GCS 
between 9 and 12, SBP below 90 mmHg, and a 
respiratory rate of 30 or more. A score of 4 is 
assigned to patients with a GCS between 13 and 
15, SBP over 90 mmHg, and a respiratory rate 
between 10 and 29 [ 2 ]. A formula is then used to 
derive the RTS and predict the overall likelihood 
of survival; higher numbers (closer to the maxi-
mum value of 7.8408) correspond to a greater 
probability of survival.  

4.6     Trauma Injury Severity Score 

 Combining the anatomically based AIS system 
with the physiologically based RTS system, plus 
the patient’s age, allows one to develop a score 
that corresponds well to overall survival fol-
lowing blunt or penetrating trauma [ 3 ]. Patients 
55 years or older are less likely to survive fol-
lowing major trauma, according to the Trauma 
Injury Severity Score (TRISS). The calculation 
itself is complex and involves various lookup 
tables; a variety of online score calculators are 
available to aid in calculating the probability of 
survival [ 3 ].  

4.7     Vascular Trauma Scoring 
Systems 

 The American Association for the Surgery of 
Trauma (AAST) has developed independent 
organ scoring systems that include vascular 
trauma. However, there is not yet a cohesive sys-
tem that takes into account the OIS to predict 
overall morbidity and mortality. This issue was 
briefl y addressed in the 1990s when a new scoring 
system known as the Physiological and Operative 
Severity Score for the Enumeration of Mortality 
and Morbidity (POSSUM) was attempted. 
When the POSSUM score was applied initially, 
results demonstrated a poor correlation to  overall 
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 survival, with the score tending to  overpredict 
mortality [ 4 ,  5 ]. A series of weighted cofactors 
were added by Prytherch et al. to generate the 
Portsmouth predictor equation (P-POSSUM), 
with somewhat improved mortality prediction 
[ 5 ]. The reliability of the P-POSSUM scoring 
system in predicting outcomes following vas-
cular trauma improved when Wijesinghe et al. 
modifi ed the method in which the values were 
applied [ 6 ]. 

 Another modification was attempted around 
the same period by taking into account serum 
creatinine, age, GCS, hemoglobin, and EKG 
changes consistent with ischemia [ 4 ]. Known 
as the Hardman Index, this system had the 
same fundamental weakness as the original 
POSSUM calculator [ 4 ,  7 ]. Another attempt 
in 2008 using the National Trauma Data Bank 
(NTDB) identified 112 blunt pediatric arte-
rial injuries in 103 pediatric patients (age <16 
years). A trend toward increased mortality was 
found in patients with multiple arterial inju-
ries ( P  = 0.49) and intra- abdominal venous 
injuries ( P  = 0.11) [ 8 ]. Mortality was great-
est in patients with intra- abdominal arterial 
injuries and head trauma ( P  = 0.05), GCS <8 
( P  = 0.001), significant base deficit ( P  = 0.007), 
and cardiac arrest ( P  < 0.001). The authors 
concluded that increased mortality is likely to 
include a single vessel coupled with serious 
associated injury [ 8 ]. 

 Loh et al. used a single-institution, retrospec-
tive evaluation to determine the effect of adding 
vascular injury to current trauma scoring systems 
[ 9 ]. One hundred patients, including 50 vascular 
trauma patients and 50 patients with no vascular 
trauma, were matched according to demograph-
ics, ISS, and TRISS. Of the vascular trauma 
patients, 72 % had an injury affecting a major 
vascular structure, of which 56 % of the total 
number of patients required an operative inter-
vention. Mortality was somewhat higher for 
those patients who required operative interven-
tion ( P  > 0.05); however, there was no statistical 
difference in overall mortality between the vascu-
lar trauma patients and those trauma patients 
without vascular injury regardless of the number 
of location of vascular injuries [ 9 ]. 

 Vascular injuries appear to play a predominant 
role in morbidity and mortality in trauma patients 
with an RTS >5 or ISS >24. Traditional scoring 
systems in these patients underestimate mortality 
in patients with concomitant vascular injuries [ 9 ]. 
To some extent, this is also seen when evaluating 
extremity trauma with vascular involvement.  

    Conclusion 

 Few studies exist that discuss the impact of 
vascular trauma on overall morbidity and 
mortality as predicted by traditional scoring 
systems. Recent publications have identifi ed 
weaknesses in vascular scoring systems when 
applied to survivability. Further studies need 
to be performed in order to determine whether 
vascular injuries truly impact survivability 
in comparison to nonvascular trauma. In the 
interim, a combination of traditional scoring 
systems in conjunction with best practices in 
vascular surgery should be used to properly 
manage vascular trauma patients and help 
 prevent adverse outcomes.     
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5.1            Introduction 

 A polytraumatized patient with one or more 
mangled extremities presents challenges to the 
clinical team on multiple levels. The most sophis-
ticated, resourced trauma facilities will have a 
team member familiar with the staging and man-
agement of severely injured extremities [ 1 ,  2 ].  

5.2     Initial Management 

 A primary challenge is a rapid and accurate 
assessment of impaired extremities to ascertain if 
their complex of injuries is associated with 
patient survival (e.g., hemorrhage), and therefore 
needs immediate intervention, or can be tempo-
rized to urgent or delayed management. As the 
“ABCs” of ATLS protocols and evaluation of 
core issues proceed, extremities are evaluated for 
perfusion, neurological status, alignment (rapidly 
realigned, if necessary), and wound status (lac-
erations, de-gloving, nonviable tissue, contami-
nation, etc.). Radiographic studies follow, and 
hard tissue injury correlated with wounds and 
vascular-neurological status, often resulting in a 
“zone of injury” paradigm. 

 If resources permit,  core  ATLS assessment 
coincides with  extremity  evaluation or just 
 precedes it, permitting rapid formulation of an 
acute treatment plan, prioritization of lifesaving 
diagnostics and treatment interventions, and 
appropriately timed management of the injured 
extremity/extremities. 
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 Anatomical or system proximity to core injury 
may permit concurrent central and extremity 
peripheral diagnosis and treatment such as “run-
off” vascular studies, soft tissue debridements of 
anatomically related truncal and extremity 
wounds, and CAT protocols. The ability of an 
experienced trauma team to coordinate the tim-
ing of diagnostic studies and operative interven-
tions minimizes the overall time of workup and 
therapeutic intervention and the threat of compli-
cations associate with delay in either. 

 Soon after primary assessments and imaging, a 
logical plan for treatment is formulated with the 
“order of intervention” being the major factor, i.e., 
what delivers the best clinical value while minimiz-
ing risk. Examples may include treatment of com-
promised airway and pneumothorax and pelvic ring 
stabilization, followed by primary debridement of 
lower extremity wounds and spanning complex 
fractures with external fi xation (e.g., damage con-
trol). Managed extremity/extremity-at-risk patients 
transferred to trauma centers as moving to a “higher 
level of care” are at risk of being initially under-
evaluated based on mechanism of injury, and all 
temporal issues related to extremity injury manage-
ment need to be measured from initial event, and 
ABCs of evaluation repeated upon transfer and 
prior to defi nitive treatment at the accepting facility. 
Images do not necessarily need to be repeated, but 
by defi nition, the referring center is less experi-
enced managing the polytraumatized patient. 

 Assuming the ABCs are completed, and man-
agement under way, the extremity is again rapidly 
aligned, pulses verifi ed, and tourniquets adjusted, 
removed, and occasionally applied. This is an 
appropriate time for revascularization, be it using 
endovascular techniques or standard open repair. 
Shunts may be indicated in circumstances of life 
threatening core trauma, prolonged peripheral 
ischemia or gross contamination where defi nitive 
vascular repair in a contaminated and/or locally 
nonviable environment would be unwise.  

5.3     Debridement 

 Preparation and draping of a mangled, fractured 
extremity presents challenges in handling, elevat-
ing, and maintaining alignment while completing 

preparation. The use of supplementary staff and 
atraumatic knots at uninjured digits permitting 
suspension while prepping the injured (and donor) 
extremity all aid in the task. If the presence of a 
vascular injury is noted at this time, a contralat-
eral injured lower extremity may be prepped as a 
donor site for vein grafts, skin grafts, etc. Once 
prepped, sharp debridement of the wounds is 
completed, in the majority of cases by resection 
of a small border (1/8 to 1/4 in.) of skin and sub-
cutaneous tissue surrounding the entire wound in 
large, circumferential sweeps, leaving bleeding 
edges, avoiding whittling the edges in multiple 
small cuts. Below the skin and subcutaneous tis-
sue is usually contaminated or nonviable fat or 
muscle, both to be debrided aggressively, but with 
realization of functional role of the adjacent struc-
tures particularly neurovascular. Fasciotomies 
will be discussed separately, but as debridement 
progresses, any “compartmental releases” begun 
by the index injury should be completed. 

 Bone debridement is usually last of the pri-
mary surgical debridement. The surgeon should 
carefully assess osseous circulation, periosteal 
stripping, endosteal perfusion, and contamination 
status, as debridement continues, so that nonvia-
ble, contaminated bone might be aggressively 
debrided by resection, whereas viable, contami-
nated bone might be best served by scrubbing, 
low-pressure pulsed lavage, or high- volume grav-
ity irrigation. All of the preceding steps are best 
accomplished if the fracture is temporarily re-
displaced during the debridement, permitting the 
contaminated fracture fragments to face the sur-
gical debridement techniques in the same orienta-
tion that occurred at the moment of injury. 

 Although restoration of perfusion is the pri-
mary goal in early management of the mangled 
extremity, the coordination, timing, and surgical 
fi eld management are also critical because of the 
short-, mid-, and long-term complications of vas-
cular repair and the effect timing, graft material, 
and completeness of debridement have on clini-
cal outcome. 

 Very shortly after restoration of infl ow, out-
fl ow integrity should be evaluated and approach 
to the extremity being rescued should include 
release of compartments, if indicated. In the case 
of the mangled extremity, release of all involved 
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and related compartments should be the default 
option. Extremely short-duration ischemia and 
anatomical compromises exposing vessels, 
nerves, or injured osseous structures are all cir-
cumstances that may indicate careful observation 
instead of fascial release, but with a low clinical 
tolerance to proceed.  

5.4     Boney Fixation 

 Fixation of the skeletal elements centers around 
two issues: timing and implant choice. Timing 
of fi xation really relates to “order of fi xation.” In 
ideal circumstances, moderate duration of isch-
emia and initial debridement can be coordinated 
with fracture/dislocation reduction and appli-
cation of external fi xation although traction or 
splinting may serve as an effective option. The 
use of plates is usually more time consuming but 
sometimes indicated in anatomic circumstances 
involving articular injury and non- anatomic 
circumstances such as surgeon familiarity or 
implant availability. Intramedullary nailing can 
be performed rapidly and may be applied in 
appropriate clinical situations, primarily with 

vascular injury associated with diaphyseal 
fractures with an experienced team, prior to or 
immediately after restoration of perfusion. 

 Although rapid application with minimal 
additional dissection might be the primary con-
cern when combined with vascular repair, implant 
selection should also be based on the need for re- 
debridement or reassessment for viability in cir-
cumstances with compromised and rapid initial 
treatment. This situation may demand reopera-
tion and temporary re-displacement of the initial 
reduction to thoroughly assess contamination and 
viability, assure complete debridement, or pre-
pare for local or free tissue coverage (Fig.  5.1 ).

5.5        Combined Vascular- 
Orthopedic Injuries: 
Orthopedic Management 

 In the developed world model in this decade, 
individuals are exposed to ever-increasing levels 
of energy when injured. Pedestrian injuries con-
tinue to be a large injury burden globally in both 
developed and more so in developing countries. 
Motor vehicle crash mitigation in developing 

a b c

  Fig. 5.1    ( a ) Photograph of a mangled left upper extrem-
ity following a motor vehicle collision. ( b ) Initial place-
ment of an external fi xator to stabilize the arm in a 

triangular fashion, following debridement and prior to 
vascular repair. ( c ) Early healing of left upper extremity 
after split-thickness skin grafting       
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countries has concentrated on protecting the 
head, abdomen, and thorax, resulting in high- 
energy extremity injuries attached to survivors 
who would previously not survive the same level 
of injurious energy. In a related demographic, our 
war fi ghters have the benefi t of continual 
improvement in ballistic armor, primarily pro-
tecting the head and trunk of our combat troops. 

 At the same time, the level of serious extrem-
ity musculoskeletal/vascular injuries are increas-
ing; the demographics, clinical experience, and 
changing technology have had a profound effect 
on the type and depth of experience of those phy-
sicians and surgeons responsible for diagnosing, 
treating, and rehabilitating combined vascular 
and musculoskeletal injury. 

 Today, fewer general surgery house staff have 
orthopedic rotations or basic clinical experience 
in the diagnosis of high-energy musculoskeletal 
injury, especially when combined with signifi -
cant vascular injury. Vascular surgical training 
has recently focused on the endovascular treat-
ment of both core and peripheral vascular pathol-
ogy. A decade of confl ict has exposed many of 
our war fi ghters to both central and peripheral 
vascular injury, resulting in a core of experienced 
general, vascular, and orthopedic military sur-
geons, familiar with severe extremity injuries, 
often in polytraumatized patients with issues of 
timing, severe contamination, and debridement. 
This has resulted in signifi cant experience in 
some civilian trauma centers with senior or mili-
tary veteran general/vascular clinicians familiar 
with the use of vascular shunts. 

 But the overall effect is many civilian centers 
have fewer clinicians with signifi cant gross anatom-
ical knowledge to diagnose, surgically approach, 
release associated compartments, and adequately 
debride associated soft tissue injury, especially 
without a former military surgeon on staff. 

 The environment surrounding combined 
musculoskeletal- vascular injury may be as 
important as the injury itself. Timely, accurate 
diagnosis and treatment is dependent on single 
versus mass casualties, isolated injury versus 
multiply injured patient, closed versus open 
injury, and penetrating versus blunt trauma. The 
most straightforward injury complex might be a 

low-velocity gunshot resulting in a midshaft long 
bone fracture and a single vessel injury and 
degree of collateral perfusion: the most challeng-
ing, a proximal extremity crush, blast, high- 
velocity skeletal/vascular disruption with a 
potentially viable distal extremity, further com-
plicated by additional, and occasionally more 
life-threatening, injuries elsewhere [ 3 ].  

5.6     Diagnosis 

 For purposes of this discussion, we will assume the 
patient has been appropriately assessed and man-
aged at the scene with skilled extrication, splinting, 
and immobilization for transport. Further assess-
ment during transport would include assessment of 
blood pressure and extremity perfusion, including 
color, temperature, and quality of pulse. 

 Emergency department assessment would 
repeat the basics of extremity assessment begun 
by EMS in a more controlled environment, 
X-rays and CAT studies, more precise alignment 
of associated fractures and dislocations, Doppler 
studies, and comparative pulses, including com-
parison with non-injured extremities. This work-
 up will usually identify vascular pathology 
regarding location, whether it is presently hemor-
rhaging, and most importantly to the success of 
comanagement, the location of vascular injury in 
relationship to fracture pathology and signifi cant 
soft tissue injury. The association of fracture/dis-
location pattern, soft tissue pathology, and vascu-
lar injury type and location yields a concept long 
referred to as “zone of injury.” Integration of 
zone of injury, mechanism, and time since injury 
and evaluation of the patient’s overall status 
regarding associated injuries should form the 
basis of planning comanagement of the patient 
with combined orthopedic and vascular injury.  

5.7     Transfer to Higher Level 
of Care 

 With these evaluations and patient stabilization 
under way in the context of the ABCs of trauma 
care, the management of the combined injury 
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begins. Most levels of trauma care will know at 
any given time or immediately ascertain if the 
clinical resources needed to manage such com-
bined injuries are available in an appropriate time 
context since time since injury is such a crucial 
factor. The need for timely treatment of life- 
threatening injury may have to take place at the 
initial receiving institution, further (but appropri-
ately) delaying management of the vascular- 
compromised extremity. 

 The avoidable delays accompanying such cir-
cumstances will be minimized by a preestab-
lished transfer agreement with trauma centers 
having established expertise in management of 
such injury available at all times.  

5.8     Management of the Injury 

 In the best case scenario, these combined injuries 
would be isolated, transported and diagnosed 
rapidly, and have no open wounds or gross con-
tamination or closely associated mass of nonvia-
ble soft tissue. The worst-case scenario is 
exemplifi ed by extreme high-energy military 
blast wounds, occurring most frequently in mul-
tiply injured patients, often with multiple extrem-
ity injuries, with transport compromised by 
distance and time, and the vascular- orthopedic 
injury to be managed part of a grossly contami-
nated, mangled “zone of injury” (Fig.  5.1a ). As 
would be expected, many of these military-type 
injuries as well as severe highway, industrial, and 
agricultural injuries with similar clinical presen-
tations are best managed by early amputation, but 
a signifi cant amount have potentially functional 
components distally and are candidates for vas-
cular and concurrent orthopedic repair. 

 A typical scenario might involve a motorcycle 
crash or pedestrian bumper strike injury resulting 
in fracture of the proximal tibia (often segmen-
tal), a dislocated knee joint, and a distal femur 
fracture, either individually or in combination. 
Frequently these fracture patterns are associated 
with femoral or popliteal vascular injury, just 
proximal to, involving, or immediately distal to 
the trifurcation. Assuming transport and emer-
gency department work-up are rapid, excluding 

other life-threatening injury, combined vascular- 
orthopedic treatment should commence. If it has 
been 2 h or less from injury to beginning treat-
ment, one may suggest rapid transport to the 
operating theater; placement on an appropriate 
table, permitting vascular and orthopedic imag-
ing; rapid careful prepping of the injured as well 
as the non-injured leg (expectantly managing 
donor needs); and proximal vascular control if 
hemorrhage is still active. In a closed injury, this 
author suggests rapid external fi xation in the 
presence of skeletal instability, placed to permit 
uncompromised vascular access and to provide 
mechanical stability to the surgical fi eld. This 
often accomplished in the scenario described, 
prior to vascular repair, simplifying and protect-
ing the vascular procedure. It is appropriate to 
consider fasciotomy as a default component in 
the scenario described: they may be deemed 
unnecessary only if the leg has had a signifi cant 
component of collateral fl ow or time from injury 
to revascularization has been short. It is common 
to underestimate the potential time from injury to 
restoration of fl ow even in the most experienced 
institutions, as these interventions are begun. If 
an endovascular repair is indicated, the sequence 
of vascular repair versus skeletal stabilization 
may be individualized. 

 A similar clinical situation, compromised by 
time (time of transport or diagnosis/management 
of other injuries), might best be managed by 
rapid placement of a shunt and fasciotomies to 
provide appropriate rapid revascularization prior 
to skeletal stabilization. 

 A second orthopedic-vascular indication for 
temporizing with a vascular shunt is the presence 
of a grossly contaminated wound or a large 
amount of devitalized muscle, bone, and/or asso-
ciated soft tissue. Such situations require an 
extensive, thorough debridement of both bone 
and soft tissue throughout the zone of injury and 
are usually managed by secondary debridements 
prior to defi nitive closure with local or free tissue 
transfer (Fig.  5.1b, c ). In these cases the shunt 
may be placed fi rst if appropriate (occasionally in 
combination with a venous shunt), the fascioto-
mies may be incorporated in the wound exten-
sion/debridement, with conversion of shunt to 
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defi nitive vascular repair done when wound 
 status and skeletal stability are defi ned and 
maximized. 

 The most compromised management scenar-
ios are in combat multiply injured patients, civil-
ian polytrauma, or severe agricultural or industrial 
injury. As stated above, many of these are candi-
dates for immediate amputation, but those 
“threshold” injuries, with a chance of functional 
salvage, are the most challenging cases for a 
damage control approach. In those situations, the 
patient is often placed on an operative table for 
chest or abdominal procedures which permits 
extremity imaging as discussed previously, but an 
approach often overlooked in the face of a life- 
threatening truncal or neurological injury. If the 
patient remains physiologically stable after treat-
ment of more urgent injuries, the extremity 
vascular- orthopedic injury is reassessed, addi-
tional temporal factors considered, any incom-
plete diagnostics performed, and damage control 
attempted. In these conditions, the order of treat-
ment is individualized, given the elapsed time, 
magnitude of soft tissue injury, and complexity 
of both vascular and skeletal pathology. In this 
circumstance fasciotomies are always performed 
and are generous to allow for unavoidably 
delayed revascularization.  

5.9     Emergent Skeletal 
Stabilization 

 In the situations described above, external fi xa-
tion is often the choice for skeletal stabilization 
in the presence of vascular injury (Fig.  5.1c ). If 
time and wound conditions permit, it should be 
placed prior to defi nitive vascular repair. The 
goal is to have the extremity infl ow reestablished 
between 4 and 6 h after injury. Simple, single- 
plane fi xation is most useful, using half-pin con-
structs, spanning articular pathology (unless 
necessary to protect injured vessels, fresh shunts, 
or repairs). 

 The quality of anatomic reduction in these 
cases of combined injury is different from that 
which is acceptable in fracture surgery where the 
viability of the extremity is not a risk. General 

alignment of the limb is acceptable; small 
degrees of angulation, rotation, and shortening 
may be acceptable until the situation is clinically 
more stable. Any malreduced fracture segment 
which threatens the vascular repair is addressed, 
often with an individual pin or pins to assure 
position. 

 Fixator frames should be placed by a surgeon 
with a knowledge of vascular surgical approaches 
and obviously an understanding of the individual 
injury specifi cs, so that the components will not 
hamper access for vascular repair, protect the 
repair when complete, and aid in the acute post-
 op management of the extremity (permit wound 
access and soft tissue assessment, aid in gross 
positioning, as a “kick stand”). 

 In addition, the orthopedic surgeon will allow 
for the eventual defi nitive skeletal management, 
usually an intramedullary nail for diaphyseal 
fractures or plates for intra-articular fractures. 
When considering a nail to follow, attention to 
detail to pin-site soft tissue management is criti-
cal to minimize late infection when converting 
from external fi xation to defi nitive intramedul-
lary nailing. Conversion from external fi xation to 
more defi nitive methods should be considered 
soon after the extremity is deemed viable, some-
times within 48 h after initial treatment, although 
frequently up to 2 weeks following damage con-
trol. If conversion is delayed past 2 weeks, 
longer- term defi nitive use of the external fi xator 
is considered. During any repeated visits to the 
operating room for any surgical procedures, the 
initial reduction may be adjusted to maximize 
precise anatomical alignment, especially if the 
external fi xator may become the defi nitive fi xa-
tion. In the case of a fracture pattern necessitating 
a plate for defi nitive open reduction and fi xation, 
the placement of the initial fi xator pins is accom-
plished by placing the initial pins as far from the 
eventual plate location as anatomy, injury pat-
tern, and biomechanics permit. This is also to 
minimize pin tract location near the eventual dis-
section plane of the plate and thereby minimize 
delayed infection. The biomechanical compro-
mises inherent in such long spanning fi xators can 
be mitigated by choice of pin diameter and frame 
design.  
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5.10     Defi nitive Orthopedic 
Management 

 Usually external fi xation is converted to intra-
medullary nails or screws when the extremity is 
considered stable with regard to both vascular 
and soft tissue status. The issues are primarily 
orthopedically centered with special consider-
ation to the condition of any traumatic or surgi-
cal wounds, the status of external fi xator pin 
sites, a review of the history of the vascular 
repair, its relationship to the initial zone of 
injury, and the anatomical routing of any grafts. 
The defi nitive fi xation is completed as atraumat-
ically as possible to mitigate any potential dam-
age to the relatively immature status of the 
associated vascular repair. In the consideration 
of a dislocated knee, multiligamentous disrup-
tion is often a component; the timing and type of 
successful ligamentous repair are carefully con-
sidered in the face of accompanying vascular 
injury. High-energy injuries about the knee 
often require aggressive physical therapy, and 
the concerns of the vascular team should be 
integrated into the postoperative management 
protocol. 

 In certain femoral shaft fractures with associ-
ated vascular injury, the best damage control 
stabilization may be a rapidly inserted femoral 
nail, depending on injury profi le, institutional 
assets, and the patient’s pulmonary condition. 
These can occasionally be placed almost as rap-
idly as an external fi xator. When done emer-
gently, these injuries may require an additional 
visit to the operating theater to place more 
defi nitive locking screws and adjust the initial 
reduction.  

5.11     Special Considerations 

5.11.1     Scapulothoracic Dissociation 
of the Upper Extremity 

 Upper extremity vascular trauma diagnosis and 
management might begin with description of an 
entity that has become known over the last three 
decades as scapulothoracic dissociation [ 4 ,  5 ]. 

Although subclavian and proximal brachial 
 vascular injury, in association with high-energy 
blunt trauma to the forequarter, has been described 
 previously, there is a family of high- energy 
 forequarter injuries, often avulsive in nature, that 
include disruption of vascular fl ow to the upper 
extremity, lateral displacement of the scapula, and 
disruption of the sternal-clavicular- acromial axis. 
The  brachial plexus is frequently injured in this 
complex, resulting in abnormal neurological fi nd-
ings, frequently permanent. 

 The fi rst AP chest fi lm, which includes the 
shoulder, usually demonstrates a laterally dis-
placed scapula and one or two of the following: a 
displaced, distracted clavicle fracture, a sepa-
rated acromioclavicular joint, and a separated 
sternoclavicular joint (Fig.  5.2a ). Many of these 
injury complexes include signifi cant, additional 
distal injury to the arm or forearm. These injuries 
are often the result of ejection from a motorcycle 
with direct upper extremity contact with a fi xed 
object or ejections, partial or full, from automo-
biles/trucks: they present with abnormal neuro-
vascular fi ndings frequently assigned to the more 
peripheral injury. Management of signifi cant 
upper extremity injury with neurovascular fi nd-
ings should include early review of the chest fi lm 
and radiographic assessment of the shoulder, not-
ing signs of a traction-type injury. Any contrast 
study of the extremity vasculature should include 
the aorta and great vessels.

   Early descriptions of the complex of neuro-
vascular and the skeletal injuries described noted 
that the range of neurological injuries was broad, 
from complete avulsion of the plexus with no 
functional return to mild traction injuries fol-
lowed by complete recovery. 

 Vascular injury pattern varies from complete 
avulsion of all associated vascular soft tissue 
requiring formal repair to intimal disruption man-
ageable with endovascular methods (Fig.  5.2b–d ). 
Degree of collateral circulation varies with the 
anatomic location of the primary vascular lesion 
(Fig.  5.2b ). 

 While the exact musculoskeletal, vascular, 
and neural components of the injury complex 
may differ slightly, the challenges in recogni-
tion, diagnosis, timing, and type of treatment 
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should be realized by experienced clinicians. 
The author believes that management of high-
energy blunt injury to the upper extremity and/or 
shoulder- forequarter region should include 
scapulothoracic dissociation in the differential 
diagnosis.   

    Conclusion 

 Overall management of the mangled extrem-
ity requires rapid revascularization coupled 
with aggressive debridement. Fasciotomy 
should be generous in nature to ensure opti-
mum fl ow. Multifunctional fi xation, anatomic 
reduction, and appropriate wound access with 
elevation of the extremity are tenants in ortho-
pedic management in trauma that includes 
bony and vascular injury.     
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  Fig. 5.2    ( a ) The fi rst AP chest fi lm, which includes the 
shoulder, demonstrating a laterally displaced scapula and 
a displaced, distracted clavicle fracture. ( b ) Arteriogram 
in a patient with scapulothoracic dissociation demonstrat-
ing abrupt cessation of fl ow within the right axillary artery 

near the lateral border of the fi rst rib. ( c ) Placement of 
clavicular plates to reappose the fractured clavicle and a 
wire with an undeployed stent graft going across the pre-
viously disrupted axillary artery. ( d ) Completion arterio-
gram demonstrating patent axillary artery       
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6.1            Introduction 

 The clinical presentations that may occur neces-
sitating upper extremity fasciotomy include 
both blunt and penetrating injury, include iso-
lated injury, or as one of several injuries in a 
polytraumatized patient [ 1 ,  2 ]. In addition, 
rapid transport to a center familiar with such 
injury versus delay in discovery, transport, or a 
patient transferred to a higher level of care, all 
contribute to the approach to fasciotomies, as 
does the role of fascial release following 
revascularization.  

6.2     Surgical Approach to the Arm 

 Most surgical approaches should begin with 
a curvilinear approach over the volar forearm, 
with marking the incision extensions to be 
made distally to decompress the carpal tun-
nel and proximally to extend into the medial 
aspect of the arm/biceps with attention to cross-
ing the antecubital fossa in a “z” or transverse 
incision with release of the lacertus fi brosis 
of the biceps insertion, also in the antecubital 
approach (Fig.  6.1 ). Approach to the deeper 
volar structures should include decompression 
of the mobile wad, medial fl exor mass, and the 
deeper layers of digital fl exors and pronators. 
After central volar decompression, including 
the lacertus fi brosus, overall wound assessment 
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will determine the need for further proximal 
extension of the forearm volar incision and/or 
distal decompression of the carpal tunnel (and 
occasionally Guyen’s Canal), and the necessity 
of dorsal decompression should be determined 
last, as dorsal decompression is often unneces-
sary as pattern of injury plus volar decompres-
sion often decompress the dorsal structures of 
the forearm.

   The muscles of the hand are then assessed 
and interossei and thenar decompression as 
necessary. 

6.2.1     Step-by-Step Fasciotomy 
of the Upper Extremity 
(Fig.  6.1 ) 

     1.    Inscribe Henry incision of forearm.   
   2.    Include carpal tunnel aspect if necessary; cen-

ter of wrist to space between middle and ring, 
favoring ring fi nger aspect.   

   3.    Proximal incision lateral to biceps for direct 
access to brachial artery joins incision from 
proximal repair; requires primary closure or 
protected VAC.   

“Mobile wad” Lacertus
fibrosis

a

c

b  Fig. 6.1    ( a ) Reverse Henry 
incision and brachial artery 
exposure. ( b ) Close-up of 
incision with nearby 
neurovascular structures. 
( c ) Photograph of patient with 
reverse Henry incision. The 
carpal tunnel aspect is often 
included. A proximal incision 
lateral to the biceps is used for 
direct access to the brachial 
artery. The antecubital crease 
is crossed transversely, 
followed by a curvilinear 
incision over the wrist. The 
lacertus fi brosis (bicipital 
aponeurosis) is released at the 
elbow, followed by the mobile 
wad and forearm muscles. 
The medial fl exor wad and 
digital fl exors are also 
released. The dorsum of the 
forearm and carpal tunnel are 
also released if necessary       
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   4.    Cross antecubital crease transversely; direc-
tion depending on proximal incision option.   

   5.    Curvilinear incision over wrist to create 
radial artery protective fl ap.   

   6.    Release lacertus fi brosis (bicipital aponeuro-
sis) at elbow, between biceps tendon.   

   7.    Release mobile wad; brachioradialis, exten-
sor carpi radialis longus and brevis.   

   8.    Release medial fl exor wad.   
   9.    Release superfi cial and deep digital fl exors.   
   10.    Assess need for carpal tunnel and dorsal 

forearm release, often unnecessary.   
   11.    Release dorsum of forearm and carpal 

tunnel.     
 Final assessment prior to applying dressings 

includes a reassessment of proximal structures. 
The biceps and brachialis can be decompressed 
with a proximal extension of the fasciotomy over 
the medial biceps. Occasionally the triceps need 
to be released through a separate dorsal approach. 
Deltoid release is on a case by case basis. 

 There are several options for wound manage-
ment, and, as of the writing of this chapter, 
vacuum- assisted wound management is one of 
the more frequently used in North American 
trauma centers. One must carefully protect the 
neurovascular structures prior to application, 
occasionally the carpal tunnel can be closed prior 
to dressing application.   

6.3     Orthopedic Fixation 
in Combination with 
Vascular Repair 

 Skeletal fi xation choices will also depend on time 
since injury, associated contamination, location 
of fracture as well as relation to vascular repair, 
and other injuries to the same patient. Vascular 
repair and fasciotomies are usually stabilized rel-
ative to the fracture or dislocation associated with 
the vascular injury. Fixation methods must allow 
access to the fasciotomy to allow for inspection 
and dressing changes. Subclavian and proximal 
brachial arterial injuries usually do not ben-
efi t skeletal fi xation as fi xation of the proximal 
humerus is complex and time consuming. 

 At the time of this writing, our preference for 
fasciotomy coverage and closure is early VAC 
dressings, delayed primary closure, and split 
thickness skin graft if necessary. Free tissue 
transfer is used if the upper extremity is deemed 
salvageable and fasciotomy position is  concurrent 
with wounds of the arm or forearm [ 3 ].  

6.4     Fasciotomy of the Thigh 

 Fasciotomies of the lower extremity in a civilian 
trauma practice are primarily indicated to treat 
conditions of the leg, usually associated with 
blunt or penetrating trauma affecting the extrem-
ity between knee and ankle. Most discussion on 
indications, anatomy, and technique centers on 
pathology affecting this area. The buttock, thigh, 
and foot require fascial release less often, and 
indications for release in some of these areas are 
evolving topics of discussion. 

 Fasciotomy of the buttock is rarely indicated 
in blunt trauma, occasionally suspected with both 
direct injury and developing signs such as decreas-
ing sciatic function, observed directly. There are 
few cases described involving vascular injury to 
the area resulting in contained hemorrhage into 
muscle bellies or fascial planes that yield com-
partment syndrome-like symptoms. If encoun-
tered, it may be secondary to a named vessel 
hemorrhage related to a superior gluteal branch. 
Useful fasciotomies to this area can be performed 
through a Kocher-Langenbach approach. 

 The thigh rarely needs decompression because 
the anatomy provides signifi cant space to contain 
moderate amounts of hemorrhage (Fig.  6.2 ). 
There are instances of direct vascular trauma, 
high-energy crush, prolonged entrapment, or 
extreme positioning. The thigh has three ana-
tomic compartments, two of which can be decom-
pressed through the same skin incision, after 
which the third is reevaluated for need of decom-
pression. Upon deciding to release the fascia of 
the thigh, an anterior lateral incision of at least 
20 cm is made over the anterolateral thigh with a 
slight lateral bias. The incision permits inspection 
of the quadriceps fascia which is then released.
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   Following this, the quadriceps is rotated ante-
riorly, exposing the longitudinal intermuscular 
fascia separating the lateral quadriceps from the 

posterior hamstring compartment. This fascia is 
incised for at least 20 cm, being careful to dissect 
at least 2–3 cm from the bone, avoiding perforating 

a

b

e

h ji

f g

c d

  Fig. 6.2    Lateral thigh fasciotomy and key steps for 
release of intermuscular fascia ( a – j ). After making an 
incision midway between the anterior and lateral border 
of the thigh ( b ,  c ), the fascia of the quadriceps is incised 
and released ( d ). The vastus lateralis is rolled anteriorly to 

expose the intermuscular fascia ( e – g ). This fascia is then 
incised 1 cm from the femur in order to avoid the perforat-
ing vessels ( h – j ). The hamstrings are released and the 
medial compartment reassessed. The adductors may be 
released if necessary using a longitudinal 5 cm incision       
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vessels. The viability of the muscles of both com-
partments is assessed, nonviable muscle removed, 
and attention turned to the adductor compartment. 
Depending on the site of original pathology in 
the thigh, the release of both the quadriceps and 
hamstring compartments often decreases pres-
sure indirectly, making adductor fascial release 
unnecessary. 

6.4.1     Step-by-Step Fasciotomy 
of the Thigh (Fig.  6.2 ) 

     1.    Incise thigh midway between anterior and lat-
eral border   

   2.    Release fascia of quadriceps   
   3.    Roll vastus lateralis anteriorly, exposing inter-

muscular fascia   
   4.    Incise intramuscular fascia, 1 to 3 cm from 

femur, avoiding perforators   
   5.    Digitally release hamstrings   
   6.    Reassess medial compartment   
   7.    Release adductors, if necessary   
   8.    Longitudinal, 5 cm incision       

6.5     Fasciotomy of the Lower Leg 
(Figs.  6.3 ,  6.4 , and  6.5 ) 

      The leg, from knee to ankle, is the most frequent 
anatomic location to require fasciotomy in a typi-
cal North American Trauma Center. The injury 
may be the result of blunt or penetrating trauma 
and may or may not include named vascular 
injury. Associated vascular injury may or may not 
have collateral fl ow, be an isolated injury, or part 
of a multi injury scenario. In addition, the patient 
may present soon after injury to an institution 
able to diagnose and perform compartmental 
release or may arrive after prolonged transport or 
as a transfer to a level of greater care. With regard 
to diagnostics, the physical exam of a conscious 
patient is the most valuable diagnostic tool with 
pain on passive stretch, or pain out of proportion, 
increasing while observed being the most sensi-
tive to experienced clinicians. Obviously, an 
unconscious patient, an altered sensorium, and 
a patient under anesthesia present challeng-
ing  diagnostic situations. A patient known to be 

 dysvascular for more than 2 h should have a fasci-
otomy concurrent with or prior to vascular repair. 

 Both one- and two-incision techniques are 
described; most traumatologists prefer the two- 
incision variant to guarantee release of the four 
compartments of the leg. Many legs requiring 
compartmental release in conjunction with treat-
ment of vascular injury have relatively recogniz-
able anatomic landmarks, even though injured. 
The two-incision technique maximizes the 
release of all compartments and maximizes the 
orientation of the operating surgeon to named 
compartment identifi cation, location of critical 
neurovascular structures, occasionally necessary 
in a grossly disrupted injury as a result of blast, 
severe motorcycle, pedestrian, or industrial/agri-
cultural injury. 

 The lateral leg incision is often described 
along a longitudinal line bisecting the tibial crest 
and the cutaneous position of the fi bula (Figs.  6.3  
and  6.4 ). This permits access to both the anterior 
and lateral compartments of the leg (and serves 
as access to complete the single incision tech-
nique) but is usually modifi ed by experienced 
extremity trauma surgeons in two ways. The gen-
erous starting incision is made about 2 cm poste-
rior to the usually described position, favoring 
the lateral compartment; the anterior skin fl ap is 
then swept anteriorly from the subcutaneous tis-
sue, exposing the bulging muscle bellies of both 
anterior and lateral compartments. The intermus-
cular septum can often be palpated with some 
certainty as this fl ap is retracted. 

 A subcutaneous incision is then completed 
perpendicular to and across the intermuscular 
septum. This is completed gently, with minimal 
pressure, allowing the swollen muscle bellies to 
protrude somewhat, and confi rming the location 
of the intermuscular septum. The septum is 
plucked like a guitar string and longitudinal com-
partmental release incisions made from that point, 
starting in the anterior compartment 1 cm from 
the septum anteriorly, and then lateral compart-
ment release longitudinally, beginning at least 
1 cm posteriorly to the septum. Both longitudinal 
releases made via this lateral approach start just 
off the intermuscular septum and progress both 
proximally and distally with the surgical scissor 
points directed obliquely away from the septum. 
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  Fig. 6.3    ( a ) Cross-sectional 
view and line demonstrating 
site of incision to make lateral 
lower leg fasciotomy for 
release of anterior and lateral 
compartments. ( b ) Stylized 
view on a cadaveric 
specimen.  Black line  at top is 
tibial crest, dashed  black line  
at bottom marks site of fi bula, 
dotted  black line  in center is 
midway between tibial crest 
and fi bula, and  blue line  
marks site of incision. This 
incision is made 1–2 cm 
posterior to the dotted  black 
line . ( c ) Exposure of anterior 
and lateral compartments 
divided by the intermuscular 
septum       
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  Fig. 6.4    Lateral lower leg fasciotomy incision and key 
steps for release of anterior and lateral compartments 
( a –  g ). Start with a 3 cm incision transverse to septum ( b ), 
and then create anterior compartment fasciotomy with 

scissors pointed anterior ( c ,  d ). Create lateral compartment 
fasciotomy with scissors pointed posterior ( e ,  f ). Verify 
superfi cial peroneal nerve in lateral compartment ( g )       
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  Fig. 6.5    Medial lower leg fasciotomy incision and key 
steps for release of superfi cial and deep compartments 
( a – g ). Identify posterior medial boarder of tibia ( a ), make 
a 20 cm skin incision 2 cm posterior to the border ( b ,  c ), 
and identify the fascia of the gastrocsoleus muscle belly 
( b ,  c ). After incising through the fascia, identify the distal 

attachment of the soleus and the soleus fascia (also known 
as the soleus leash) ( d ,  e ). Release the soleus leash and 
expose the true fascia of the deep compartment. 
Longitudinally release the investing fascia of the deep 
posterior compartment ( f ,  g ).  Asterisk  marks location of 
deep posterior compartment       
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 The medial leg incision is generally made 
more distal to the lateral about 1 cm posterior to 
the posterior medial border of the tibia (Fig.  6.5 ). 
It too can be initially 20 cm in length. The objec-
tive of this fasciotomy approach is to release two 
compartments: the posterior and deep posterior. 
Common issues in the medial approach are the 
prominence of the saphenous vein in the subcuta-
neous layer of the approach and the distal tibial 
attachment of the medial edge of the soleus mus-
cle, the “soleus leash.” The saphenous needs to 
be dealt with rapidly in the emergent fasciotomy, 
clamping/ligating intervenous interconnections 
while allowing primary longitudinal components 
to remain intact, if possible. The fascia covering 
the belly of the gastrocsoleus is released, com-
pleting the release of the posterior compartment 
and demonstrating a membranous continuance of 
the muscle, a soleus leash. 

 The subtleties of the soleus leash concern the 
fact that it often presents as a fi lmy, fascial com-
ponent, attached distally to the muscle belly, con-
necting the muscle to the posterior medial tibial 
border. By releasing this layer of tissue, one may 
believe the deep posterior compartment is decom-
pressed; however, such a release only yields 
access to the investing fascia of the deep poste-
rior compartment, which demands a formal fas-
cial release, confi rmed by running a fi nger along 
the posterior surface of the tibia, deep to the mus-
cles of the deep posterior compartment. All fasci-
otomies are rechecked for full release and 
commonly extended, especially in high energy 
military type injury, or after prolonged ischemic 
periods prior to revascularization. 

6.5.1     Step-by-Step Guide 
to the Two-Incision, 
Four- Compartment 
Fasciotomy of the Leg 

 Lateral approach to decompress anterior and lat-
eral compartments (Figs.  6.3  and  6.4 ):
    1.    Identify and mark tibial crest and fi bula   
   2.    Bisect distance and mark longitudinally   

   3.    Incise skin 20 cm, 1–2 cm posterior to mark   
   4.    Sweep anterior limb with sponge   
   5.    Palpate intermuscular septum   
   6.    Incise 3 cm transverse to septum   
   7.    Create anterior compartment fasciotomy, 

scissor points anterior   
   8.    Create lateral compartment fasciotomy, scis-

sor points posterior   
   9.    Verify superfi cial peroneal nerve in lateral 

compartment   
   10.    Recheck complete anterior and lateral 

release    

6.5.2       Medial Approach 
to Decompress Posterior 
and Deep Posterior 
Compartments (Fig.  6.5 ) 

     1.    Identify posterior medial boarder of tibia mid-
way (slightly distal to lateral incision)   

   2.    Incise 20 cm skin incision, 1–2 cm posterior 
to border   

   3.    Identify and incise fascia of gastrocsoleus 
muscle belly   

   4.    Identify distal attachment of soleus and soleus 
fascia (“soleus leash”) to medial tibia   

   5.    Release this attachment, both fascial and 
muscular, exposing true fascia of deep 
compartment   

   6.    Longitudinally release investing fascia of 
deep posterior compartment          
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7.1            Introduction 

 The last two decades have seen a dramatic shift 
in the management of vascular disease from tradi-
tional open surgery to complex endovascular tech-
niques. While this trend is quite well documented 
in the treatment of aneurysms of the abdominal and 
thoracic aorta, these changes have likewise taken 
place in management of vascular occlusive dis-
ease, and the technical aspects of these procedures 
can be applied to selected cases of vascular trauma. 
While endovascular management of blunt thoracic 
aortic injury has been increasingly reported with 
positive results, few data exist regarding safety and 
effi cacy of endovascular management of injury to 
other vascular distributions. 

 Selecting appropriate injuries for endovascular 
management is a particular challenge. There is a 
general perception that patients with acute arterial 
injuries – particularly hemodynamically unstable 
patients with ongoing hemorrhage – are inappro-
priate for endovascular management, despite the 
large volume of data showing improved outcomes 
in unstable patients with ruptured aortic aneu-
rysms managed with a primary endovascular 
approach [ 1 ]. An increasing percentage of both 
blunt and penetrating vascular injuries in the USA 
are being managed by vascular surgeons with 
endovascular techniques, and it is of signifi cant 
importance that general surgeons and trauma sur-
geons have an understanding of the situations in 
which endovascular therapy may be a viable and 
readily applied alternative to major open vascular 
reconstruction in severely injured patients [ 1 ,  2 ].  
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7.2     General Considerations 

7.2.1     Basic Techniques 

 In all types of endovascular intervention, the 
basic concepts of catheter-directed treatment of a 
vascular lesion include access to the vascular tree 
at a remote site, crossing the offending lesion 
with a wire, and delivering a device that will 
allow correction of the lesion. The vast majority 
of these interventions are performed through an 
arterial access sheath (French size noted by the 
inner diameter of the device), with a steerable 
access catheter (French size noted by the outer 
diameter of the device) coaxially with a wire 
being guided to the appropriate area under direct 
fl uoroscopic guidance. If the affected vascular 
territory is not at risk for ischemia, lesions can be 
treated simply by vascular occlusion (i.e., coil 
embolization of pelvic arterial bleeding, mic-
roparticle embolization of bleeding tumors). 
Major arterial vascular trauma is unique in that 
injuries must generally be repaired in such a way 
as to allow continued arterial fl ow beyond the 
injured vessel to avoid the consequences of isch-
emia. In these cases treatment can be considered 
with covered stent grafts. 

 In vascular territories where ischemia can be 
tolerated, embolization of bleeding vessels can 
be considered. Well-documented areas where 
these techniques are useful are in hemorrhage 
from splenic and hepatic injuries and pelvic 
trauma with arterial bleeding, as documented 
elsewhere in this text. Other areas where emboli-
zation can be quite useful are hemorrhage from 
external carotid branch injuries, intercostal artery 
bleeding, and for injuries to branch arteries of the 
extremities where collateral fl ow will allow distal 
perfusion in the absence of the injured target ves-
sel. Embolization can be carried out with endo-
vascular coils or vascular plugs for large vessels. 
For smaller vessels or for diffuse bleeding from 
injured surfaces, microembolization can be car-
ried out with smaller particles such as polyvinyl 
alcohol (PVA) or N-butyl cyanoacrylate (NBCA) 
glue. These techniques require specialized imag-
ing and catheter techniques and should be avail-
able on short notice at those trauma centers 

specializing in the endovascular treatment of 
traumatic vascular injuries. 

 Large vessel injuries (arterial and venous) can 
often be repaired with the deployment of covered 
stents. These are available in several varieties and 
sizes (both lengths and diameters) from multiple 
manufacturers and may be either self-expanding 
or balloon expandable. Exclusion of vascular 
injuries to prevent continued hemorrhage is 
accomplished by the deployment of a covered 
stent or an endograft within the lumen of a blood 
vessel. Ideally, deployment of these devices 
requires proximal and distal landing zones of 
2 cm of normal artery and vein to ensure an ade-
quate seal to prevent a type I endoleak. 
Furthermore, precise covered stent or endograft 
placement will be necessary so as not to cover 
important branches or bifurcations which may 
result in the distal ischemia or embolization. 

 Venous injuries are generally treated with 
similar principles, although the vast majority can 
be treated with simple occlusion rather than com-
plex revascularization procedures. The majority 
of this chapter will focus on management of arte-
rial injuries.  

7.2.2     Systems Issues 

 Several publications have addressed the evolving 
role of endovascular management of vascular 
trauma. A large review of the National Trauma 
Data Bank (NTDB) found that from 2002 to 
2008, the percentage of blunt vascular injuries 
managed by endovascular means increased from 
just over 1 % to over 17 % [ 1 ]. The percentage of 
penetrating vascular injuries managed using 
endovascular techniques during that time was 
relatively stable but did demonstrate a statisti-
cally signifi cant increase from 2.6 to 3.2 %. 
When this paper was presented at the 2011 meet-
ing of the American Association for Surgery of 
Trauma (AAST), the ensuing discussions cen-
tered to a large extent on who was performing the 
procedures and which particular procedures 
should be performed. As pointed out by Kalish, it 
is of paramount importance for the trauma sur-
geon and endovascular specialist to maintain 
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good communication regarding the role of endo-
vascular management for these severely injured 
patients, as some injuries may be more expedi-
tiously managed by open surgery [ 3 ]. 

 Of paramount importance to the rapid repair 
of vascular injuries is the ability to quickly con-
vert between open and endovascular surgery. 
Traditionally, endovascular procedures have been 
performed in imaging suites remote from the 
operating room, with poor lighting and limited 
room to set up an open surgical case. Hybrid 
endovascular suites in the operating room envi-
ronment help obviate these issues, and provided 
both vascular and trauma surgeons the ability to 
perform complex hybrid endovascular proce-
dures without excessive delay (Fig.  7.1 ). These 
hybrid suites are particularly important in cases 
where it is important to determine location and 
extend of major vascular injuries in order to 
expeditiously deploy large covered endografts to 
stabilize the patient and prevent further bleeding. 
By having the ability to move from an endovas-
cular to open surgical approach and vice versa, 

the surgeon afforded the fl exibility to provide to 
gain arterial or venous access and deliver the best 
of both vascular and trauma surgical care in a 
single operating suite. Additionally, performing 
these cases in a hybrid operating room, as 
opposed to an interventional radiology suite or 
cardiology catheterization laboratory, provides 
an extra layer of comfort for trauma surgeons, 
vascular surgeons, and anesthesiologists as a 
result that any and all necessary instruments, 
medications, and personnel support are present 
and immediately available the operating team.

7.2.3        Radiation Safety 

 Critically ill patients are exposed to numerous 
safety hazards [ 4 ]. The introduction of endovas-
cular techniques to the care of trauma patients of 
necessity exposes patients and the interventional 
operating team to the effects of ionizing radia-
tion, which can accumulate quickly in patients 
with multiple injuries which necessitates the need 

  Fig. 7.1    Hybrid endovascular suite in main operating 
room. The fl oating table is fully capable of accommodat-
ing mounted retraction systems and has all movement 

capabilities (i.e., airplane, Trendelenburg) as standard 
operating room tables       
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for multiple procedures and prolonged operative 
procedure times. Dose-dependent effects of ion-
izing radiation exposure include hypothyroidism, 
cataract formation, alopecia, and hematologic 
and solid organ malignancies [ 4 ]. All members 
of the interventional or operative team partici-
pating in endovascular procedures should wear 
wraparound lead aprons, thyroid shields, and 
lead-lined radiation protective glasses or goggles. 
It is underappreciated that the majority of radia-
tion exposure during endovascular cases comes 
from beam scatter from the patient, not from the 
imaging device itself, and patterns of exposure 
can be unpredictable. Real- time monitoring of 
radiation dose exposure is important and each 
member should wear two radiation monitoring 
badges. One badge should be worn outside the 
neck collar at the level of the thyroid and the sec-
ond badge should be worn inside the lead apron 
at waist level. Of particular importance in these 
procedures is minimizing exposure by proper use 
of collimation of the x-ray beam, intermittent 
rather than continuous fl uoroscopy use, and use 
of last image hold techniques [ 5 ]. Additionally, 
it is important to keep the image detector of the 
C-arm as close to the patient as possible to mini-
mize the scattering of the x-ray beam, which is 
the most common source of radiation exposure in 
these procedures.   

7.3     Specifi c Management 
Principles 

7.3.1     Head and Neck 

 Endovascular management of carotid and verte-
bral artery trauma has been documented for sev-
eral years. One of the earliest reports of this 
examined numerous methods to treat traumatic 
carotid and vertebral lesions with embolization 
therapy, including the use of detachable balloons, 
liquid tissue adhesives, microcoils, and pieces of 
silk suture [ 6 ]. A large variety of lesions were 
treated, including carotid-cavernous fi stulas, 
dural fi stulas, and direct penetrating arteriove-
nous fi stulas. Five out of 234 patients experi-
enced strokes. The number of patients requiring 

open surgical therapy was not reported. Since 
that time, numerous case reports and series have 
documented techniques of management of 
carotid and vertebral artery injuries, all in a selec-
tive fashion. Herrera reported 36 cases of pene-
trating cervical carotid trauma treated with 
endovascular management over a 12-year period 
with successful repair in 34 cases [ 7 ]. No ran-
domized trials have been reported, and long-term 
results are not available. Endovascular stent 
grafts have also been used for the treatment of 
traumatic jugular-carotid fi stulas, to repair true 
and false aneurysms of the carotid arteries and to 
repair iatrogenic carotid injuries [ 8 – 10 ]. 

 The distal internal carotid artery is an ideal 
location for application of endovascular manage-
ment due to its diffi cult surgical access. Figure  7.2  
is the initial angiogram of patient that presented 
to our institution with hemorrhage from the distal 
internal carotid artery as the result of a transcer-
vical gunshot wound. The patient was brought to 

  Fig. 7.2    Penetrating injury to the distal left internal 
carotid artery with false aneurysm formation ( arrow )       
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the hybrid operating room for an initial attempt at 
endovascular exclusion, with left neck explora-
tion planned if unable to cross the lesion with a 
wire. The lesion was successfully excluded with 
a covered endograft (Fig.  7.3 ), with a total proce-
dure time from femoral arterial puncture to lesion 
exclusion of 22 min. The patient did not require 
neck exploration; he did have a tracheostomy 
post-procedurally for airway management and 
was discharged home on postoperative day #19.

    Blunt carotid injury is a potentially devastat-
ing condition that is notoriously diffi cult to diag-
nose, and the management of which remains 
controversial [ 11 ]. Patients with internal carotid 
dissection that either becomes symptomatic 
(transient ischemic attack [TIA], stroke, amauro-
sis) or worsens during surveillance are candidates 
for endovascular stenting. These patients are 
required to take antiplatelet agents (clopidogrel 
and aspirin) both pre- and post-procedurally, and 
this may be impractical in the setting of concomi-
tant major trauma to other organ systems. 
Likewise, the natural history of stents in the inter-
nal carotid arteries of young patients is not clearly 
defi ned. When carotid stenting is required due to 

symptomatic dissections, or worsening dissec-
tion during surveillance, it should be done with 
embolic protection and with pre-procedural 
administration of antiplatelet medications. 
Although the use of embolic protection devices 
in these patients is controversial, they should be 
used when possible until more data are available 
for review [ 11 ].  

7.3.2     Thoracic Aortic Injury 

 Blunt injury to the thoracic aorta is a highly lethal 
injury resulting in approximately 8,000 deaths in 
the United States annually [ 12 ,  13 ]. It is the sec-
ond most common cause of trauma-related death, 
behind intracranial hemorrhage. Most patients 
who sustain this type of injury die at the scene 
with less than 25 % surviving long enough to be 
evaluated at a hospital [ 14 ]. Of those who present 
to the hospital with blunt aortic injury (BAI), up 
to 50 % die within 24 h [ 15 ]. 

 Traumatic aortic injuries range from small 
defects in the intimal layer to complete transec-
tion of the artery, typically just beyond the origin 
of the left subclavian artery (LSA). Several clas-
sifi cation schemes have been proposed based on 
radiologic imaging in an attempt to grade the 
various types of aortic defects according to sever-
ity of injury, which can be used to guide therapy. 
The Society of Vascular Surgery in their 2011 
practice guidelines endorsed the classifi cation 
scheme published by Azizzadeh [ 16 ]. In this 
scheme there are four grades of aortic injury, 
ranging in severity from grade I (intimal tear) to 
grade IV (free rupture) (Fig.  7.4 ).

   Prior to the endovascular era, a majority of 
aortic injuries were repaired via a conventional 
surgical approach consisting of a left thoracot-
omy with or without cardiopulmonary bypass. 
Open repair for traumatic aortic injuries histori-
cally has been associated with a mortality rate 
approaching 30 % and a paraplegia rate of 16 % 
[ 17 ,  18 ]. The fi rst thoracic endovascular aortic 
repair (TEVAR) was described in 1997 and, since 
then, has become the preferred technique to 
repair BAI [ 19 ]. TEVAR has proven to be a dura-
ble repair option for these critically ill patients 

  Fig. 7.3    Successful exclusion of internal carotid pene-
trating injury with Viabahn (W.L. Gore, Flagstaff, AZ) 
covered stent       
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and eliminates the morbidity associated with 
cross clamping of the aorta and the need for car-
diopulmonary bypass required for an open repair. 
Although better tolerated by patients, TEVAR 
still carries a risk of spinal cord ischemia, stroke, 
and other complications that are associated with 
open repair. 

 There have not been randomized trials com-
paring open versus endovascular repair of trau-
matic aortic injury, but there have been several 
single institution reports as well as meta-analyses 
of the literature comparing the two procedures. In 
2012, Risenman and colleagues reported their 
institutional experience over a 20-year period 
comparing 60 open repairs to 26 endovascular 

repairs [ 20 ]. They concluded that patients under-
going endovascular repair had a signifi cantly 
lower intraoperative mortality rate (0 % vs. 18 %) 
and overall hospital mortality rate (12 % vs. 
37 %) compared to open surgical repair [ 20 ]. 
Rousseau and colleagues reported their 22-year 
experience which revealed mortality and paraple-
gia rates of 21 and 7 %, respectively, in 28 
patients undergoing open repair versus 0 % mor-
tality and paraplegia rate in 29 patients undergo-
ing endovascular repair of BAI [ 21 ]. Ott and 
colleagues reported an 11-year retrospective 
study comparing 12 open procedures to 6 endo-
vascular procedures [ 18 ]. Mortality and paraple-
gia rates were 17 and 16 %, respectively, for the 
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  Fig. 7.4    Classifi cation of traumatic aortic injury (From Azizzadeh 2009, used with permission)       
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open group versus 0 % mortality and paraplegia 
rate for the endovascular group. In a recent meta- 
analysis, Tang et al. reviewed 33 published arti-
cles including 699 procedures (TEVAR – 370; 
open – 329) which showed a signifi cantly lower 
rate of mortality (7.6 % vs. 15.2 %), paraplegia 
(0 % vs. 5.6 %), and stroke (0.85 % vs. 5.3 %) in 
patients who underwent TEVAR compared to 
open repair [ 22 ]. Collectively, outcomes from 
these reports and others have provided compel-
ling data which has led to endovascular repair of 
traumatic aortic injury becoming the mainstay of 
therapy. 

 Traumatic aortic injuries should be suspected 
in trauma patients who present with mechanism 
of injury consistent with rapid deceleration. 
Historically, aortic injuries were suggested by 
abnormal chest x-rays and confi rmed with arch 
aortography; however, with the improvements in 
high-resolution computed tomography scanners, 
they have been replaced by CTA as the preferred 
method of diagnosis. In addition, CTA imaging is 
instrumental in procedural planning. 

 Once an aortic injury has been confi rmed, 
strict blood pressure control should be obtained. 
A goal systolic pressure between 100 and 
120 mmHg and a heart rate of 60–80 is ideal. 
Multiple studies have shown that aggressive 
blood pressure and heart rate control is associ-
ated with improved outcomes in those suffering 
BAI [ 21 ,  23 ,  24 ]. In a review by Hemmila, it was 
shown that antihypertensive therapy started at the 
time of aortic injury diagnosis reduced the risk of 
aortic rupture to less than 1.5 % in patients whose 
aortic repair was delayed due to other life- 
threatening injuries taking precedence [ 25 ]. 

 Approximately 10 % of patients with trau-
matic aortic injuries have grade I aortic injuries 
also referred to as minimal aortic injury [ 26 ]. 
These injuries can be managed with observation 
with the expectation that these injuries will heal 
spontaneously. These patients do however require 
serial imaging to monitor for injury progression. 
Grade II through IV aortic injuries should be 
repaired urgently within 24 h of diagnosis unless 
there are other more life-threatening cranial or 
intra-abdominal injuries which require more 
emergent intervention. In these patients, aortic 

repair can be delayed but should be performed 
prior to discharge [ 12 ,  27 ]. Hemmila reported 
that delay in surgical repair for traumatic aortic 
injury beyond 16 h was not associated with an 
increased risk of mortality [ 25 ]. 

 Since there is a potential risk of paralysis 
associated with the repair of the thoracic aorta, 
some have advocated the placement of spinal 
drains prior to intervention. The use of spinal 
drainage for the management of spinal cord isch-
emia during TEVAR for aneurysmal disease has 
been routine; however, no data exist on the pro-
phylactic use for traumatic injuries. Spinal cord 
ischemia following TEVAR occurs in only 3 % of 
patients due to the limited coverage of the tho-
racic aorta [ 28 ]. Because of the low risk of isch-
emia and the risk of epidural hematoma during 
placement in coagulopathic trauma patients, the 
Society for Vascular Surgery in their most recent 
consensus guidelines has recommended against 
the routine placement of spinal drains and stated 
that they should only be placed if symptoms of 
spinal cord ischemia develop [ 27 ]. 

 There are multiple thoracic endovascular 
grafts currently available for the use in the treat-
ment of aneurysmal disease of the thoracic aorta. 
Only the Gore TAG device (W.L. Gore and 
Associates, Flagstaff, AZ) has FDA approval for 
use in the treatment of aortic transection in 
patients with traumatic aortic injuries. Despite 
not having FDA approval, the other devices have 
been used to treat these injuries in an off label 
manner with equal success. 

 TEVAR can be performed under local or gen-
eral anesthesia in the endovascular suite or an 
operating room with access to proper imaging 
equipment. Unless contraindications exist, gen-
eral anesthesia is preferred in order to better con-
trol the patient’s respirations during digital 
subtraction angiography acquisition and graft 
deployment. Depending on surgeon preference, 
the procedure is performed by obtaining bilateral 
or single femoral artery access. If bilateral access 
is obtained, one side is accessed percutaneously 
to advance a marking catheter which is used to 
obtain imaging as well as to guide graft position-
ing. The other access site, which is achieved 
either open or percutaneously, is used to advance 
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and deploy the endograft. If single femoral access 
is used, both the marking catheter and device are 
advanced through the same sheath using a buddy 
wire technique. The selection of femoral access 
is not only determined by physician preference 
but is also based on the femoral and iliac anat-
omy. Preoperative CT can aid in planning as to 
which femoral/iliac artery is better suited for the 
large sheath needed to deliver the endovascular 
device (Fig.  7.5 ). Patients with severe bilateral 
iliac occlusive disease may require a surgical 
conduit to be sewn onto the iliac artery or abdom-
inal aorta proximal to the occlusion in order to 
advance and deploy the graft.

   Once access has been obtained, an arch 
angiogram is performed. This is done to not 
only to identify the area of injury but also to 
identify the origin of the great vessels and to 
appropriately size the graft (Fig.  7.6 ). With the 
currently available endografts, aortic sizes rang-
ing from 18 to 42 mm can be treated. It is cur-
rently recommended that the implanted device 
be oversized by approximately 10 % for the 
treatment of BAI in order to ensure adequate 
graft apposition to the aortic wall and to prevent 
graft migration [ 29 ].

   Following graft selection, the patient is sys-
temically anticoagulated with heparin. Due to 
the often associated injuries acquired from the 
accident, full-dose anticoagulation is often con-
traindicated. In these situations it is recom-
mended to anticoagulate with a reduced heparin 

dose. In the event that there is no contraindica-
tion to anticoagulation, full-dose heparin (80–
100 units/kg) should be given intravenously. The 
device is then advanced over a stiff wire to the 
desired position. It is our practice to repeat an 
angiogram prior to deployment of the endograft 
in order to confi rm correct positioning (Fig.  7.7 ). 
Once in the appropriate position, the graft is 
deployed under fl uoroscopic guidance. Some 
surgeons advocate the use of decreasing the 
mean blood pressure pharmacologically during 
graft deployment to maximize the precision of 
deployment. A completion angiogram is then 
performed to confi rm graft placement, to assure 
there is good apposition between the graft and 
the aortic wall, and to  confi rm that there is no 
endoleak present (Fig.  7.8 ). Post deployment 
balloon angioplasty is not routinely performed 
unless there is incomplete graft apposition at the 
proximal landing zone or there is a type I 
endoleak present.

    The majority of the aortic injuries occur within 
the fi rst few centimeters distal to the origin of the 
LSA. In 30 % of TEVAR cases the LSA is cov-
ered in order to achieve a proximal seal [ 28 ]. This 
can be done safely with few adverse events except 
in individuals with documented stenosis or occlu-
sion of the right vertebral artery or those who 
have previously undergone coronary bypass 

  Fig. 7.5    CT reconstruction of a grade III aortic injury in 
a patient following a fall from a third story building       

  Fig. 7.6    Diagnostic aortogram demonstrating grade III 
pseudoaneurysm associated with BAI       
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grafting using the left internal mammary artery. 
In these situations revascularization of the left 
subclavian artery should be performed with a 

carotid-subclavian bypass prior to implantation 
of the endograft. All other patients should be 
selectively revascularized if they develop verte-
brobasilar insuffi ciency or symptomatic left 
upper extremity arterial insuffi ciency. 

 Patients who sustain BAI require routine 
long- term follow-up imaging to either ensure 
that their aortic defect has resolved (i.e., grade I 
injuries) or to monitor their endovascular repair 
and assure that the endograft does not migrate or 
collapse. Although there are no published fol-
low-up guidelines, patients with grade I injuries 
identifi ed on initial imaging have a repeat CTA 
at 7 days, 30 days, 6 months, 1 year, and every 
other year thereafter, until there is resolution of 
their injury [ 29 ]. In patients with grade II–IV 
injuries, who received a TEVAR, follow-up 
imaging is done at 1, 6, and 12 months and then 
yearly for the fi rst 5 years [ 29 ]. After this follow-
up schedule is relaxed and extended to every 2–3 
years with noncontrast CT scans. This is done in 
attempt to limit the cumulative radiation expo-
sure, given the often young age of this patient 
population.  

  Fig. 7.7    Repeat aortogram 
identifying the origin of the 
great vessels prior to 
endograft deployment       

  Fig. 7.8    Completion angiogram demonstrating success-
ful exclusion of pseudoaneurysm. In order to obtain a seal, 
the origin of the left subclavian artery (LSA) was covered. 
The LSA is visualized due to retrograde fl ow       
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7.3.3     Abdominal and Pelvic 
Vascular Trauma 

 Abdominal vascular injuries may be the result of 
either trauma that occurs outside the hospital or 
iatrogenic trauma. Iatrogenic trauma can occur 
during vascular access procedures (i.e., inappro-
priately high puncture for femoral artery/vein 
cannulation resulting in external iliac injury) or 
during operations for other conditions. Numerous 
publications have documented the utility of endo-
vascular management of injuries sustained in the 
course of operations on the lumbar spine, where 
large vascular structures need to be mobilized to 
facilitate spine exposure [ 30 – 33 ]. Injuries can 
occur to the abdominal aorta, inferior vena cava, 
iliac arteries, and/or iliac veins. The high likeli-
hood of legal action from patients with these 
complications managed with open reconstruction 
makes the use of endovascular techniques particu-
larly inviting [ 30 ]. Injuries to these large vessels 
can be managed by deployment of covered endo-
grafts and can be applied to venous and arterial 
injuries [ 31 – 33 ]. These techniques involve access 
of either the ipsilateral or contralateral com-
mon femoral artery, placement of a wire across 
the lesion, and deployment of a covered stent 
with gentle balloon dilation to seal the proximal 
and distal ends of the stent. Injuries at the aor-
tic or caval bifurcations may require a “kissing” 
stent technique to prevent a unilateral stent from 
deploying too high above the bifurcation with 
occlusion of fl ow through the contralateral vessel. 

 Injuries to abdominal and pelvic vessels occur-
ring pre-hospital tend to occur in patients with 
massive concomitant injuries and present with 
very high injury severity scores (ISS) [ 34 ,  35 ]. 
Endovascular management may be life- saving to 
these patients. However, there are no randomized 
controlled trials demonstrating differences in out-
comes in patients managed with endovascular or 
open surgery for these injuries. 

 Patients with injuries to the abdominal aorta 
and iliac arteries may be well suited to endo-
vascular management with covered endografts. 
The largest reported series of blunt abdominal 
aortic injury (BAAI) showed an overall mortal-
ity of 32 % associated with this injury, with most 

deaths occurring during the initial operation [ 35 ]. 
Endovascular management was used in 21 % of the 
patients in this series and techniques included use 
of aortic cuffs, bifurcated endografts, and hybrid 
procedures with aortic debranching and endograft 
placement. In this series, the patients undergoing 
the most complex endovascular interventions all 
died, consistent with increasing severity of vascu-
lar, and other associated, injuries [ 35 ]. 

 Increasing complexity of injury may be associ-
ated with a higher rate of technical failure when 
endovascular techniques are employed. A review 
of 16 patients from 2004 to 2006 at a single insti-
tution revealed a technical success rate of 75 % 
for endovascular management of retroperitoneal 
vascular trauma which included internal iliac 
artery injuries, renal artery injuries, and abdomi-
nal aortic injuries [ 34 ]. Embolization was used as 
therapy for the majority of patients, consistent 
with most of the injuries being related to internal 
iliac artery branches. In a review of blunt abdomi-
nal aortic injuries, de Mestral found that 69 % of 
436 patients survived to hospital discharge with 
non-operative therapy, consistent with reports of 
similar management of patients with blunt tho-
racic aortic injury as discussed previously [ 36 ]. 
Additionally, patients in this series had a higher 
mortality rate with associated injuries to the 
 lumbar spine, small bowel, colon, liver, pancreas, 
and kidney. While endovascular management is 
particularly attractive for patients with severe 
multisystem trauma, the risk of these procedures 
may not justify an aggressive early management 
approach in individuals that may have other over-
riding management priorities. 

 Figure  7.9  shows the initial CT scan of a 
patient admitted after a car crash with multiple 
severe injuries. False aneurysm of the abdomi-
nal aorta was identifi ed, and after stabilization 
he was taken to the hybrid endovascular suite 
for exclusion which was accomplished with two 
Gore Excluder (W.L. Gore, Flagstaff, AZ) proxi-
mal aortic cuffs via a small left groin cutdown 
(Fig.  7.10 ). The patient subsequently sustained 
a stroke due to an initially undiagnosed bilateral 
blunt internal carotid dissection. He is now well 
3 years after his injury and living independently 
at home, with surveillance CT scans showing 
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 resolution of the false aneurysm and no evidence 
of stent migration or endoleak.

7.3.4         Peripheral Arterial Trauma 

 Injuries to extremity vessels are often well suited 
to endovascular repair. This management style 
remains controversial as these injuries are also 
ideally suited for open surgical repair. Numerous 

recent case studies and case series have been pub-
lished regarding the endovascular management 
of peripheral arterial trauma, for both upper and 
lower extremity injuries [ 37 – 46 ]. No prospective 
randomized trials comparing open and endovas-
cular surgery for these injuries have to date been 
reported. These injuries may be either acquired 
from trauma in the pre-hospital setting or may be 
iatrogenic due to attempts at vascular access. 

 In the setting of iatrogenic vascular injury, 
endovascular management principles depend on 
the location of the injury and whether there is still 
access to the injured vessel at the time of diagno-
sis. When a vessel is inadvertently catheterized 
during attempts at central access, several meth-
ods of management are available. Percutaneous 
vascular closure devices can be utilized if the size 
of the access catheter does not exceed the instruc-
tions for use (IFU) for the device. Examples 
include the suture-mediated, passive or active 
gel-based or anchor-based closure devices. These 
devices all have unique deployment mechanisms 
and vascular and trauma surgeons performing 
endovascular procedures for traumatic injuries 
should have mastery knowledge of each device. 
These devices can be used to repair injuries to the 
subclavian artery, femoral artery, and in selected 
cases of carotid artery puncture when open 
 surgical repair is deemed to be too hazardous to 
consider for an individual patients. Our group has 
likewise utilized this approach in the case of a 
central line placed into the arch of the thoracic 
aorta of a frail elderly patient, with excellent 
results. These devices all have a learning curve 
for both selection and reference vessel use and 
should not be used in the emergency setting with-
out extensive prior experience. 

 In cases of iatrogenic trauma where access has 
been lost, or cases of blunt or penetrating trauma 
to peripheral vessels, the decision to employ 
endovascular techniques as opposed to open sur-
gery can be diffi cult. Endovascular management 
is very attractive in patients where access to ves-
sels is diffi cult or time consuming (i.e., subclavian 
and proximal axillary artery, proximal common 
carotid artery, retrogeniculate popliteal artery). 
As with any method of endovascular treatment, 
the only absolute contraindication to proceeding 

  Fig. 7.9    Blunt abdominal aortic injury with pseudoaneurysm       

  Fig. 7.10    Successfully excluded pseudoaneurysm       
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with repair is inability to cross the injury with a 
wire. Technical success has been excellent in 
these maneuvers. Trellopoulos reported 18 cases 
of arterial injuries treated endovascularly with a 
100 % technical success rate [ 44 ]. All patients 
were in shock at the time of treatment, and the 
mortality rate was 17 %. While selection does 
remain an issue, the most recent review of the 
NTBD by Worni showed that 5.9 % of 8,977 
patients underwent endovascular repair of their 
peripheral (upper and lower extremity) arterial 
injuries [ 47 ]. The patients undergoing endovascu-
lar therapy had more severe associated injuries, 
more preexisting comorbid conditions, and were 
more likely to be in shock, and despite this, 
patients undergoing endovascular repair had 
fewer complications and a shorter hospital stay 
[ 47 ]. While this review suffers from the typical 
drawbacks of retrospective studies involving 
administrative databases, it nonetheless highlights 
the fact that endovascular repair is becoming 
more frequent and more accepted as an alternative 
to open surgery in certain injured patients. 

 Vascular access is an important issue when 
dealing with these injuries. While transfemoral 
access is the traditional method of access for 
most endovascular procedures, arm access is 
an excellent alternative in patients with central 
upper extremity arterial injuries. Access to the 
upper extremity arteries may be obtained either 
percutaneously (radial or brachial approach) or 
with a cutdown and direct repair of the arteri-
otomy. No published studies exist regarding the 
use of radial artery access for vascular trauma, 
though the radial artery is a frequent access site 
for percutaneous coronary intervention (PCI). 
The size of the required access sheath is a very 
important consideration – very large sheaths for 
covered endografts may mandate open exposure 
and direct repair when brachial access is con-
sidered and may make radial access impossible. 
In experienced hands, sheath sizes up to 28 F 
may be accommodated by the common femoral 
artery with percutaneous closure (often by par-
tially deploying closure devices prior to sheath 
access, known as the “preclose” technique); how-
ever, contralateral lower extremity access using 
a sheath larger than 9–10 F directed over the 
aortic bifurcation can be extremely  challenging, 

 requiring antegrade access for endovascular 
treatment of lower extremity injuries. 

 Figure  7.11  shows the popliteal artery injury 
of a 72-year-old male which was accidentally 
self-infl icted. His foot was pulseless on arrival 
and there was active hemorrhage from behind the 
knee. The injury was successfully repaired with a 
covered stent from an ipsilateral superfi cial fem-
oral artery cutdown (Fig.  7.12 ). Postoperatively 
pulses were restored and he was discharged home 

  Fig. 7.11    Gunshot wound to the retrogeniculate popliteal 
artery       

  Fig. 7.12    Successful exclusion of popliteal injury with 
covered stent graft       
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on postoperative day #3. Figure  7.13  shows a 
subclavian artery rupture from a clavicular frac-
ture with active extravasation. The patient was 
hypotensive and obtunded on arrival, was mor-
bidly obese, and had undergone renal transplan-
tation several years prior to this incident. 
Figure  7.14  shows exclusion of the injury from 
an ipsilateral brachial artery cutdown with deliv-
ery of a covered stent. The patient was discharged 
home on postoperative day #3 with normal pulses 
and no wound complications.

           Conclusion 

 The management of vascular trauma is under-
going an evolution toward endovascular tech-
niques of management, particularly for blunt 
arterial injuries. These techniques are gen-
erally well tolerated, and safety depends on 
multiple factors including patient stability, 
associated injuries, vascular access require-
ments, and experience of the operating sur-
geon. Endovascular management may be used 
as a bridge to surgical therapy in critically 

  Fig. 7.13    Ruptured 
subclavian artery after 
clavicular fracture ( arrow  
shows free extravasation)       

  Fig. 7.14    Successful 
exclusion of subclavian 
injury with covered stent, 
delivered from ipsilateral 
brachial artery approach       
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ill, unstable patients as procedure times may 
be faster. Vascular surgeons play an impor-
tant role in this process, as they have a unique 
understanding of every aspect of both endovas-
cular therapy and open surgical management of 
vascular trauma. Quality imaging equipment, 
readily available supplies, and experienced 
support staff are crucial to technical success 
in these interventions. Long-term follow-up is 
required as with any vascular procedure, and 
the natural history of these interventions in 
young patients has yet to be defi ned.     
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8.1            Introduction 

    Presentation of carotid and vertebral artery 
trauma ranges from an obvious exsanguinating 
penetrating injury to an asymptomatic small inti-
mal tear from blunt trauma. The former is clearly 
dealt with in the operating room. Management of 
the latter can be uncertain and controversial. This 
chapter will discuss both penetrating and blunt 
carotid and vertebral artery trauma.  

8.2     Anatomy 

 Proper management of carotid and vertebral 
artery trauma begins with an appreciation of key 
anatomic landmarks. The course of the carotid 
artery occurs through the anterior cervical tri-
angle of the neck, while that of the vertebral 
artery is through the transverse foramina of the 
cervical vertebrae before entering the vertebral 
canal in a course that is largely parallel to that of 
the carotid artery. The anterior cervical triangle 
of the neck is bounded by the sternocleidomas-
toid muscle, inferior border of the mandible, and 
anterior midline of the neck. The anterior cervi-
cal triangle can be further subdivided into four 
additional triangles, of which the carotid trian-
gle is the most important. The carotid triangle 
is bounded by the sternocleidomastoid muscle, 
superior belly of the omohyoid muscle, and pos-
terior belly of the digastric muscle. Within this 
triangle is the bifurcation of the common carotid 
artery into the external and internal carotid 
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arteries, internal jugular vein, vagus nerve, and 
hypoglossal nerve.

  The arch of the aorta gives rise to the innomi-
nate artery, left common carotid artery, and left 
subclavian artery (Fig.  8.1 ). The innominate 
artery bifurcates into the right common carotid 
artery and right subclavian artery. The left com-
mon carotid artery travels near the recurrent 
laryngeal nerve and thoracic duct before enter-
ing the carotid triangle. The common carotid 
arteries are enclosed by the carotid sheath, 
which also includes the internal jugular vein 
and vagus nerve. The common carotid artery 
bifurcates into the external and internal carotid 
arteries.

   The external carotid artery is located medial 
and anterior to the internal carotid artery and ter-
minates as the maxillary artery and superfi cial 
temporary artery. Additional branches include 
the superior thyroid artery, facial artery, occipi-
tal artery, and posterior auricular artery. Located 
posterior to the external carotid artery is the 
 glossopharyngeal nerve [ 1 ]. The external carotid 
artery is the primary blood supply to the face, 

but due to the presence of extensive collaterals 
from the contralateral side, ligation of the exter-
nal carotid artery can often be completed with 
impunity. 

 The internal carotid artery can be divided 
into seven distinct segments according to the 
Bouthillier classifi cation: the cervical, petrous, 
lacerum, cavernous, clinoid, supraclinoid, and 
terminal segments [ 2 ]. At the bifurcation of the 
common carotid artery is the carotid bulb, which 
contains the carotid sinus and carotid body. The 
carotid sinus contains chemoreceptors that detect 
carbon dioxide and acidosis. The carotid body 
contains mechanoreceptors and baroreceptors 
that lead to bradycardia and vasodilation when 
stimulated. The internal carotid artery is the pri-
mary blood supply to the brain; ligation of the 
internal carotid artery can lead to stroke in up to 
40 % of patients due to an incomplete circle of 
Willis [ 1 ]. 

 The vertebral artery is the fi rst branch of the 
subclavian artery and provides circulation to 
the posterior brain and collateral fl ow via the 
circle of Willis. The vertebral artery initially 

Left internal carotid 
artery

Left external carotid 
artery
Right common carotid a.

Left common carotid a.

Right subclavian a.

Innominate a.

Left subclavian a.

  Fig. 8.1    The major vessels 
of the head and neck. The 
arch of the aorta gives rise to 
the innominate, left common 
carotid, and left subclavian 
arteries. The innominate 
bifurcates to form the right 
common carotid and right 
subclavian arteries. The 
common carotid artery 
bifurcates to form the left 
internal carotid and left 
external carotid       

 

J.S. Juern and K.J. Brasel



95

 travels anterior to the transverse process of C7 
(segment V1) and then within the transverse 
foramina until it reaches C1 (segment V2). It then 
travels posterior to the arch of the atlas (segment 
V3), enters the vertebral canal (segment V4) then 
passes through the foramen magnum where the 
vertebral arteries combine to form the basilar 
artery. In rare circumstances, the vertebral artery 
may terminate directly into the posterior inferior 
cerebellar artery, a condition known as PICA 
syndrome. Ligation of the vertebral artery in this 
case may lead to infarction of the posterior infe-
rior cerebellum [ 1 ].  

8.3     Penetrating Injuries 
to the Vascular Structures 
of the Neck 

 It is impossible to talk about penetrating vascular 
trauma of the neck region without discussing also 
the evaluation and management of aerodigestive 
injuries. Therefore, these injuries will also be men-
tioned in this focus on penetrating vascular trauma. 

8.3.1     Evaluation 

 All patients with penetrating trauma to the neck 
must be treated initially according to the princi-
ples of Advanced Trauma Life Support (ATLS):
•     A irway: The airway must be patent and the 

patient must be able to control it. If not, the 
patient will require oral endotracheal intuba-
tion; depending on the injury, cricothyroid-
otomy may be necessary, or if the trachea 
has been severed, a tube can be inserted into 
it. The threshold for airway control must be 
lower in the setting of neck trauma, as pro-
gressive soft tissue swelling or expanding 
hematoma may compromise the patency of 
the airway.  

•    B reathing: Injuries to the neck can also cause 
injury to the pleura; therefore, pneumothorax 
must be ruled out by physical exam and chest 
x-ray if needed.  

•    C irculation: Take note of pulses, but espe-
cially with penetrating neck injuries, stop the 

bleeding by applying direct pressure to 
the area.  

•    D isability: Assess the ability to move all four 
extremities and Glasgow Coma Score (GCS). 
It is crucial to know if a patient already dem-
onstrates signs or symptoms of ischemic neu-
rologic defi cit.    
 After this primary survey is completed, the 

secondary survey is performed, noting which 
zone of the neck the injury is located. A lacera-
tion must traverse the platysma muscle to be clas-
sifi ed as a true penetrating injury. If the injury 
does not traverse the platysma, it is considered a 
superfi cial injury and no further evaluation needs 
to be done. Penetrating injuries to the anterior 
neck between the sternocleidomastoid muscles 
are more likely to cause signifi cant vascular or 
aerodigestive injury as compared to the side 
and posterior portions of the neck. The anterior 
neck between the sternocleidomastoid muscles 
is divided into three zones. Beginning caudad, 
zone 1 is from the sternal notch and clavicles to 
the cricoid cartilage (Fig.  8.2 ). Zone 2 is from 
the cricoid cartilage to the angle of the man-
dible. Important structures at risk in both zones 
1 and 2 are the trachea, esophagus, and carotid 
and vertebral arteries. Zone 3 is from the angle of 
the mandible to the base of the skull. Important 
structures at risk in zone 3 are the carotid and ver-
tebral arteries.

8.3.2        History and Exam 

 Important subjective fi ndings of penetrating neck 
trauma are pain, dysphagia, and change in voice. 
Objective fi ndings specifi c for vascular injury are 
active hemorrhage, hematoma, and presence of a 
bruit. Objective fi ndings specifi c for a trachea or 
esophagus injury are crepitus, air coming from 
the wound, and subcutaneous emphysema. These 
fi ndings are traditionally characterized as “soft” or 
“hard” signs of injury. Hard signs include active 
bleeding or shock from blood loss, expanding 
or pulsatile hematoma, air bubbling through the 
injury site, hemoptysis, and/or extensive subcuta-
neous emphysema. Hard signs indicate a surgical 
emergency and thus mandate immediate operation. 
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Soft signs include  dysphagia, voice change, venous 
oozing, and nonexpanding or nonpulsatile hema-
toma. Soft signs may be safely observed, at least 
for a short time to allow for further evaluation with 
imaging and procedures.  

8.3.3     Initial Imaging 

 Initial imaging may or may not be indicated. A 
chest x-ray may be performed to look for a pneu-
mothorax or other injury. Plain fi lms of the neck 
are rarely done and will only be useful if a frac-
ture of the cervical spine is suspected. Patients 
with “hard” signs for neck injury will require 
an immediate chest x-ray to evaluate for tho-
racic trauma and assist with operative planning 
and treatment. Plain fi lms of the neck are rarely 
performed but are useful to rule out a fracture of 
the cervical spine and assist with cervical collar 
removal to facilitate positioning and neck explo-
ration. Penetrating injury with “soft” signs for 
cervical injury will best be evaluated by computed 
tomography angiography (CTA) of the neck.  

8.3.4     Management 

 Any patient with penetrating neck trauma to any 
zone with hard signs of vascular injury should go 
immediately to the operating room for neck 
exploration. Hard signs by defi nition indicate an 
injury that requires surgical repair. However, 
there is a possible exception to this. If a patient 
has a penetrating injury to zones 1 and 3 and if 
the patient is not in shock, a CTA of the neck and 
upper chest may show a “road map” of injury to 
better plan the operative approach. 

 Patients with soft signs or no signs at all can 
be managed in a few different ways. A traditional 
algorithm called for all zone 2 injuries to be 
explored in the operating room. This approach is 
based partially on the fact that injuries in zone 2 
are amenable to straightforward, though not man-
datory exploration, unlike zones 1 and 3 which 
are not as easily explored. In this algorithm, 
zone 1 injuries are evaluated by CTA to evalu-
ate for a great vessel injury in the chest or in the 
carotid arteries in the neck, followed by whatever 
combination of esophagoscopy, bronchoscopy, 

Rate of Injury
·
·
·

Zone I - 18 %
Zone II - 47 %
Zone III - 19 %

  Fig. 8.2    The three zones of 
the neck. Zone I is located 
below the cricoid cartilage. 
Zone II is located between 
the cricoid cartilage and the 
angle of the mandible. Zone 
III is located above the angle 
of the mandible. Injury to 
zone I occurs in about 18 % 
of patients with neck trauma, 
zone II injuries occur in 
47 %, and zone III injuries 
occur in 19 %       
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and esophagram is necessary to evaluate for an 
aerodigestive injury. Finally, zone 3 injuries are 
worked up by CTA to evaluate the vasculature; 
there is no need to evaluate the aerodigestive 
structures here because it is only the oropharynx 
there and it is not under any pressure because it is 
superior to the cricopharyngeus. 

 Tracheal injury can be evaluated by physical 
exam or bronchoscopy. Esophageal injury can be 
evaluated by barium esophagram and/or esopha-
goscopy. Recent literature highlights the accu-
racy of either study alone—i.e., endoscopy for 
intubated patients and esophagography for awake 
patients [ 3 ]. Arterial vascular injury is best evalu-
ated by CTA, preferably a minimum of 64 slices. 
CTA has also been used to evaluate for aerodi-
gestive injuries. One prospective study found that 
CTA was 100 % sensitive and 97.5 % specifi c for 
detecting clinically signifi cant aerodigestive or 
vascular injuries [ 4 ].  

8.3.5     Management of Specifi c 
Penetrating Vascular Injuries 

8.3.5.1     Venous 
 At neck exploration, bleeding from the external 
or internal jugular veins is common and these 
vessels may be ligated with impunity. If the inter-
nal jugular vein has a minor injury, then consider 
repair via lateral venorrhaphy with 5-0 or 6-0 
Prolene. If both jugular veins are injured, con-
sider repairing one of the injured vessels not 
associated with a carotid artery repair suture line.  

8.3.5.2     Carotid Artery Injuries 
 Injuries to the carotid artery are subdivided into 
the common carotid, external carotid, and internal 
carotid artery. In general, injuries to the carotid 
artery can be dealt with using ligation, primary 
repair, patch, or interposition grafting. Surgical 
exposure of the common carotid, external carotid, 
and internal carotid arteries can be accomplished 
via a longitudinal incision anterior to the medial 
border of the sternocleidomastoid muscle after 
positioning the patient supine with a roll under 
the shoulder to extend the neck and the head 
turned away from the site of injury (Fig.  8.3 ). 

The dissection continues through the platysma, 
then the SCM is retracted laterally. The carotid 
sheath is identifi ed and incised, with the inter-
nal jugular vein retracted laterally. The site of 
injury of the carotid artery should be identifi ed 
and proximal and distal control established. 
Clamping of the vessels should proceed fi rst with 
the internal carotid artery, followed by the com-
mon carotid and external carotid arteries to avoid 
dislodging plaque into the brain. If the patient’s 
other injuries permit, therapeutic heparin should 
be administered prior to clamping these vessels.

   Injuries involving the internal carotid artery 
may require extensive dissection into the superior 
portion of the neck. Better visualization can be 
achieved by dividing the posterior belly of the 
digastric and nasotracheal intubation to permit 
subluxation of the mandible. One of several cere-
bral protective adjuncts should be utilized when-
ever blood fl ow through the internal carotid artery 
is impeded to identify cerebral ischemia; other-
wise, the mandatory use of shunting should be 
considered. Patients with a back pressure less 
than 40 mmHg, electroencephalogram changes, 
changes in neurologic status during awake sur-
gery, or changes in cerebral oximetry are candi-
dates for shunt placement. Extensive exposure of 
the external carotid artery is rarely necessary, as 
this vessel can simply be ligated at its takeoff 
from the common carotid artery in cases where 
extensive bleeding is present. In cases involving 
extensive bleeding from the carotid vessels, the 
use of a temporary occlusive balloon can achieve 
hemostasis while a more through exposure is 
completed. Endovascular stent placement across 
lesions of the common carotid and/or internal 
carotid arteries can also be completed in selected 
patients, although long-term results in trauma 
patients are not available. Exposure of the inter-
nal and external jugular veins can also be accom-
plished in a similar manner. 

 Trauma to the V1 segment of the vertebral 
artery may best be treated with ligation of the 
vertebral artery. A transverse supraclavicular 
incision at the base of the neck can be made to 
expose the subclavian artery. The dissection is 
carried to the subclavian artery by separating the 
two heads of the sternocleidomastoid muscle, 
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dividing the omohyoid muscle, and identifying 
the scalenus anticus. The vertebral artery will 
travel in conjunction with its vertebral vein at this 
location, and the vessel may be ligated after con-
fi rming a satisfactory collateral supply from the 
contralateral vertebral artery and ruling out PICA 
syndrome via cerebral arteriography. 

 Trauma to the V2 segment of the vertebral 
artery is diffi cult to repair and often involves liga-
tion of the vessel at the base of the neck. Trauma 
to the V3 segment can be investigated by com-
pleting an incision similar to that of a carotid 
exposure, with the superior extent being just infe-
rior to the earlobe. The digastric muscle and the 
proximal portion of the levator scapulae are 
divided to expose the transverse process of C1, at 
which point the V3 portion of the vertebral artery 
can be identifi ed. Trauma to the V4 portion of the 
vertebral artery is typically self-limiting due to its 
course within the bony portion of the skull. 

   Common Carotid Artery (CCA) 
 Proximal and distal control can be gained on the 
common carotid artery in the neck for zone 2 
injuries. Zone I injuries involve the most  proximal 

portion of the common carotid artery and may 
require a median sternotomy to gain vascular 
control of its most proximal portion. Control of 
both the left and right proximal common carotid 
arteries can be gained by extending the anterior 
SCM incision to a median sternotomy. The right 
common carotid originates from the innominate 
artery (brachiocephalic trunk), which is the fi rst 
and most anterior vessel off the aortic arch. The 
left common carotid artery originates directly 
from the aorta as the arch begins to transverse 
posteriorly and is just posterior to the brachioce-
phalic artery. The vagus nerve will descend left 
lateral along the common carotid artery and is at 
risk of injury with proximal control. There should 
be a low risk of signifi cant cerebral ischemia and 
stroke with clamps only on the CCA because of 
collateral fl ow from the contralateral cerebral 
hemisphere via the external carotid artery and 
circle of Willis. The area of the injury must be 
defi ned and debrided back to normal healthy 
intima. Options for repair are primary repair, 
patch angioplasty, or interposition graft. If an 
interposition graft is needed, reversed saphenous 
vein graft is the preferred conduit, although 

  Fig. 8.3    Incision for neck 
exploration. A longitudinal 
incision turned posterior 
under the ear is made 
medially along the anterior 
border of the 
sternocleidomastoid       
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 prosthetic use with expanded polytetrafl uoroeth-
ylene (ePTFE) has been described.  

   Internal Carotid Artery (ICA) 
 Attaining proximal and distal control on the 
internal carotid artery (ICA) increases the risk of 
stroke, although this will be low in a young 
trauma patient. Just as for the CCA, repair can be 
done primarily either with a patch or with an 
interposition graft. Additionally, similar to the 
CCA, autogenous conduit with reversed saphe-
nous vein is recommended. Another alternative 
that may be appropriate for the right situation is 
transposition of the ECA to the ICA [ 5 ]. 

 Intraluminal shunting of the internal carotid 
artery in trauma is rarely reported. Most trauma 
patients are young and do not have the extensive 
atherosclerosis that make shunting so important 
in elective carotid surgery. However, if back 
bleeding from the distal internal carotid artery is 
not vigorous, this may need to be considered. 

 Zone III ICA injuries can be the most chal-
lenging to approach and repair. The ICA enters 
the skull base to become the middle cerebral 
artery. Obtaining distal control in zone III as the 
ICA nears the skull base is diffi cult in a bloody 
fi eld. One option is to carefully pass a #3 or #4 
balloon embolectomy catheter into the distal ICA 

to obtain intraluminal control. Another option 
is inserting a 5 ml Foley balloon catheter into 
the external wound and infl ating it until hemor-
rhage ceases. Once distal control is obtained, 
a decision must be made regarding continued 
balloon tamponade, operative repair, or endo-
vascular intervention [ 6 ]. Continuing balloon 
tamponade (either intraluminal or external) has 
the equivalent outcome as ligation of the distal 
ICA. Therefore, evidence of cerebral ischemia 
must be assessed by EEG, head CT, or neurologic 
exam. If cerebral ischemia is present, opera-
tive repair or endovascular intervention will be 
urgently necessary. Operative repair may entail 
the assistance of a multidisciplinary team of neu-
rosurgery, otolaryngology, and oromaxillofacial 
surgery. Subluxation or osteotomy of the man-
dible will be needed to expose this distal ICA 
[ 7 ]. Endovascular techniques are particularly 
well suited to this area of the body, and using a 
“hybrid” operating room that allows for both 
open and endovascular treatment modalities will 
be advantageous. Alternatively, the availability of 
fl uoroscopy in a standard operating room is sat-
isfactory as well. Endovascular options include 
placement of a covered stent or coil emboliza-
tion of the ICA. Figure  8.4  is a case of a gunshot 
wound to zone III with a distal ICA injury that 

a b c

  Fig. 8.4    ( a ) CT angiogram reformatted image of a gunshot wound to the left internal carotid artery. ( b ) Angiogram of 
the same injury showing pseudoaneurysm and extravasation. ( c ) Angiogram after placement of a covered stent       
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was taken to a “hybrid” room and treated with a 
covered stent.

   For the patient with a penetrating injury to the 
carotid artery and a neurologic defi cit, a decision 
must be made as to whether to repair the injury 
and restore fl ow or ligate the vessel. In general, for 
patients presenting acutely, repair the injury and 
restore fl ow. For patients that present in a delayed 
fashion with an established stroke on head CT, 
ligation is appropriate [ 8 ]. Revascularization in 
this situation may convert an ischemic stroke into 
a hemorrhagic stroke    (Fig.  8.5 ).

      External Carotid Artery (ECA) 
 An isolated external carotid artery injury can be 
ligated with impunity.   

8.3.5.3     Vertebral Artery 
 An incision along the anterior border of the ster-
nocleidomastoid from sternal notch to mastoid 
process will allow exposure of the entire length 
of the vertebral artery. The route utilized to gain 
access to the vertebral artery depends on the posi-
tion of the injury whether low or high in the neck 
[ 9 ]. Lower down, the trachea and esophagus are 
retracted medially to expose the vertebral artery. 

The vertebral arteries originate from their respec-
tive subclavian arteries. The origins are medial 
and slightly posterior to the thyrocervical trunk. 
Care must be taken not to injure the thoracic duct 
on the left side or the phrenic nerves (anterior 
to the anterior scalene) on either side [ 9 ]. If the 
injury is more distally located on the vertebral 
artery, the mandible may need to be subluxed or 
an osteotomy performed of the mandible just as 
in a distal ICA injury. Once the artery is exposed, 
sutures may be passed around the vessel for liga-
tion, ideally both proximally and distally. In one 
series of 43 cases of vertebral artery trauma, 15 % 
of those treated with proximal vascular control 
alone had postoperative complications [ 10 ]. 
The transverse foramen may need to be opened 
to help with exposure. Other open approaches 
involve placing clips on the vessel proximally 
and distally, or fi lling the transverse foramen 
with bone wax has also been reported. A fi nal 
approach is packing the neck and using endovas-
cular techniques to embolize the vertebral artery. 
This is another example where using a “hybrid” 
operating room will avoid having to transport the 
patient to a different room or one needs to have 
access to portable fl uoroscopy.    

a b

  Fig. 8.5    A 27-year-old female in a motorcycle crash with 
a mandible fracture and C7 transverse process fracture. 
( a ) CT angiogram of the neck was obtained showing 
 narrowing of the distal right ICA. She was started on a 

heparin drip. ( b ) CT angiogram 10 days later showed pro-
gression to a grade III injury. The pseudoaneurysm was 
subsequently embolized       
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8.4     Vascular Injury from Blunt 
Trauma 

 This discussion will focus on the workup and 
management of injuries to the carotid and verte-
bral arteries from blunt trauma. The carotid and 
vertebral arteries will commonly be grouped 
together as the term “cerebrovascular.” All clini-
cians that treat blunt trauma must keep in the 
mind that the most feared and devastating com-
plication of a blunt cerebrovascular injury 
(BCVI) is stroke. 

8.4.1     Exam and Screening 

 Similar to penetrating neck trauma, a careful 
neurologic exam is crucial to detect defi cits. 
Special note must be made of the patient’s level 
of  consciousness as well as motor strength in 
all four extremities. The challenge of BCVI is 
screening and detection; one must have a high 
level of suspicion in blunt traumatic accidents. 

 A major question is: “Who should be 
screened” for BCVI? Table  8.1  is a summary 
of the signs/symptoms and risk factors from the 
Western Trauma Association (WTA) and the 
Eastern Association for the Surgery of Trauma 
(EAST) guidelines [ 11 ,  12 ]. In addition, a recent 
meta-analysis found that patients with cervi-
cal spine and thoracic injuries had signifi cantly 
greater likelihoods of BCVI [ 13 ]. Because of the 
many screening criteria, there must be an appro-
priately low threshold for screening for BCVI.

8.4.2        Imaging 

 CT angiography (minimum of 16 slices) of the 
neck is the preferred imaging modality. The inju-
ries are graded as 1–5 (Table  8.2 ). Conventional 
contrast angiography was used more frequently in 
the past but has been superseded by CTA because 
of availability as well as its lower complication 
profi le. Magnetic resonance angiography (MRA) 
does not have the required sensitivity and speci-
fi city necessary to accurate detect BCVI [ 12 ]. 
Duplex ultrasonography (US) is of limited value 
because of the inability to visualize near the skull 

base where many of these blunt cerebrovascular 
injuries occur. Neither MRA nor duplex US is 
recommended as the sole modality for screening 
for BCVI [ 12 ].

8.4.3        Management 

 The goal of management of BCVI is preven-
tion of vascular thrombosis. The injury disrupts 
the laminar blood fl ow and the resulting vas-
cular narrowing and turbulent fl ow can lead to 
thrombosis. Anticoagulation is the cornerstone 
of pharmacotherapy. The choices for antithrom-
botic therapy are either anticoagulation using 
heparin/warfarin or antiplatelet agents includ-
ing aspirin (ASA) 325 mg daily or clopidogrel 
75 mg daily. Note that most of these injuries 

   Table 8.1    Screening criteria for BCVI: combination of 
WTA (Biffl  et al. [ 11 ]) and EAST (Bromberg et al. [ 12 ]) 
guidelines   

  Signs / symptoms of BCVI  
 Arterial hemorrhage 
 Cervical bruit 
 Expanding cervical hematoma 
 Focal neurologic defi cit 
 Stroke 
 Neurologic defi cit that is inconsistent with the head CT 
  Risk factors for BCVI  
 High energy mechanism with: 
 Le Fort II or III facial fractures 
 Basilar skull fracture with carotid canal involvement 
 Traumatic brain injury with DAI and GCS <6 
 Any fracture C1-3, any cervical body or transverse 
foramen fracture or subluxation 
 Near hanging with anoxia 
 Clothesline-type injury or seat belt abrasion with 
swelling, pain, or altered MS 

   Table 8.2    Grading of BCVI (Biffl  et al. [ 11 ])   

 Grade  Description 

 I  Luminal irregularity or dissection with <25 % 
luminal narrowing 

 II  Dissection or intramural hematoma with 
≥25 % luminal narrowing, intraluminal 
thrombosis, or raised intimal fl ap 

 III  Pseudoaneurysm 
 IV  Occlusion 
 V  Transection with free extravasation 
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occur near or in the skull base and are therefore 
surgically inaccessible. However, if a lesion is 
surgically accessible, consideration can be given 
to operative repair.  

8.4.4     Contraindications to 
Antithrombotic Therapy 

 Patients with BCVI frequently have other injuries 
(i.e., traumatic brain injury, pelvic hematoma) 
that may prevent the use of antithrombotics in the 
short term or longer. Factors that must be taken 
into account when choosing anticoagulation vs. 
antiplatelet therapy are existence and type of 
other injuries, time course needed for further 
operations, and reversibility of the agent chosen. 
Therefore, heparin infusion may be useful ini-
tially because of its short half-life and ability to 
be reversed. At other times, aspirin by itself may 
be useful in patients who cannot be anticoagu-
lated with heparin/warfarin. 

8.4.4.1     The Case for Antithrombotic 
Therapy 

 One review of 114 patients with blunt carotid 
injuries had 73 patients that received antithrom-
botic therapy and none developed a stroke. In 41 
patients who did not receive antithrombotic ther-
apy of any type, 19 patients (46 %) developed 
neurologic ischemia [ 14 ]. From this data and 
many other studies, it is clear that antithrombotic 
therapy is essential to decrease the risk of stroke.  

8.4.4.2     The Case for Anticoagulation 
with Heparin Products 

 One study of 171 patients with BCVI found no 
signifi cant difference in healing or progression 
between heparin/warfarin and antiplatelet therapy. 
However, the authors felt that heparin may be bet-
ter at improving the neurologic outcome in patients 
with ischemic defi cits and also may be better at 
preventing stroke in asymptomatic patients [ 15 ].  

8.4.4.3     The Case for Antiplatelet 
Therapy by Itself 

 There has never been a prospective randomized 
trial of heparin vs. antiplatelet therapy. Based on 

the retrospective studies available, antiplatelet 
therapy is as effective as anticoagulation.  

8.4.4.4     The Case for Equivalence 
 One review of 422 BCVIs showed equivalent 
injury healing rates and injury progression rates 
between heparin, aspirin, and aspirin/clopidogrel 
[ 16 ]. Another study of 110 consecutive patients 
found that antiplatelet therapy and anticoagula-
tion are equally effective [ 17 ]. Further research, 
such as a prospective randomized controlled trial, 
would help to elucidate the best antithrombotic 
treatment strategy for BCVI.   

8.4.5     Specifi c Management 
Recommendations Based 
on Grade 

8.4.5.1     Grades I and II 
 Antithrombotic therapy is needed. From the 
data, either heparin/warfarin can be used or 
aspirin or clopidogrel (not both; nor should hep-
arin/warfarin be used along with aspirin or clop-
idogrel). To date, no defi nitive advantage has 
been shown in asymptomatic patients for one 
over the other. 

 The patient should then have the arterial injury 
reimaged in 7–10 days to see if the grade I or II 
injury has progressed to a grade III injury or if the 
lesion has healed. One study of 171 patients 
showed that 57 % of grade I injuries and 8 % of 
grade II injuries healed on follow-up imaging, 
which allowed cessation of pharmacotherapy. 
Conversely, 8 % of grade I and 43 % of grade II 
injuries progressed to pseudoaneurysm (grade 
III) [ 15 ]. Figure  8.3  is an example of a grade I 
injury that progressed to a grade III.  

8.4.5.2     Grade III 
 This is a pseudoaneurysm where not only the 
intima is disrupted but also the elastic layers 
of the artery. The resulting disruption is high 
risk for developing thrombosis and further 
 dissection. These patients should receive anti-
thrombotic therapy to prevent stroke. While 
endovascular stenting has been promoted to 
prevent rupture of the pseudoaneurysm, there 
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are no controlled data demonstrating a benefi t. 
Some centers have reported relatively high com-
plication rates, while others have reported good 
safety results [ 17 ].  

8.4.5.3     Grade IV 
 An occluded artery should be treated with anti-
thrombotics because there is still the risk of stroke. 
One review had a stroke incidence of 50 % for 
blunt carotid injury (BCI) and 28 % in blunt verte-
bral injury (BVI) when they were untreated [ 15 ].  

8.4.5.4    Grade V 
 There is no treatment for carotid artery transec-
tion. These are fatal injuries with a 100 % risk of 
devastating stoke [ 15 ].    

    Conclusions 

 Cerebrovascular trauma, both penetrating and 
blunt, will continue to be a challenge for 
trauma surgeons and others who are con-
fronted with these injuries. Two controversies 
that will persist for years to come are the best 
management algorithm for penetrating neck 
trauma (particularly zone 2 injuries) and anti-
coagulation vs. antiplatelet therapy for BCVI. 
Although these injury patterns are quite differ-
ent, treatment principles are the same: cessa-
tion of hemorrhage, prevent of stroke, and 
location of all associated injuries.     
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9.1            Introduction 

 While the extremities are frequently subject to 
both blunt and penetrating mechanisms of trauma, 
associated vascular injuries are not common and 
isolated vascular injuries are very rare. When vas-
cular injuries do occur in modern trauma practice, 
successful revascularization with limb salvage is 
almost routine, and ischemic limb loss has become 
the rare exception. Despite success in arterial 
repair, desirable outcomes with regard to extrem-
ity function and disability more often depend on 
successful identifi cation and treatment of the fre-
quent coexisting injuries to the bone, nerves, and 
soft tissue. The typical wounding mechanisms, 
mobility of the  extremities, superfi cial location of 
vascular structures, and their intimate relationship 
with the adjacent bone and major motor neurons 
create a unique challenge that is best served by a 
collaborative model of multidisciplinary care. 

 Historically, the management of extremity vas-
cular trauma was focused solely on hemorrhage 
control with styptics, compression, and ligation as 
a means to save life. In the Civil War, there were 
no options for arterial repair, and injury such as 
these often resulted in amputation with an asso-
ciated 10–40 % mortality [ 1 ]. While there were 
sporadic reports from military confl ict across the 
globe regarding arterial repair, including Carleton 
Mathewson’s circa World War II vintage repair of 
a brachial artery in 1938, it was Carl Hughes in the 
Korean confl ict who reliably demonstrated that 
arteries and veins could be successfully repaired 
even in less than ideal circumstance [ 2 ]. Refi ned 
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surgical technique and innovations in patient 
transport and resuscitation have delivered us to a 
contemporary period where successful limb sal-
vage following upper extremity trauma is greater 
than 92 %, as outlined in a review of 16 pub-
lished series of upper extremity vascular trauma 
[ 3 ]. Through the years, major innovations from 
military and civilian experience that have deliv-
ered such outstanding success with limb salvage 
include arterial repair over ligation, enhanced 
resuscitation and transport programs, improved 
antimicrobial therapy, digital fl uoroscopic imag-
ing, noninvasive duplex imaging, computed tomo-
graphic angiography, microvascular techniques, 
appreciation of the impact of vein repair and 
timely fasciotomy, contemporary endovascular 
techniques, and novel wound care products and 
systems to simplify complex wound care such as 
the vacuum-assisted closure (VAC) device. 

 From a comparison of extremity arterial inju-
ries using the National Trauma Data Bank, upper 
and lower extremity trauma patients have distinct 
modes of presentation and outcomes [ 4 ]. In a 
review from the National Trauma Data Bank of 
8,311 extremity trauma cases, there were 63 % 
upper and 36 % lower extremity injuries with 
the majority (62 %) of upper extremity injuries 
from a penetrating mechanism and the majority 
(56 %) of the lower extremity injuries from blunt 
trauma [ 4 ]. Upper extremity trauma patients gen-
erally have a lower injury severity score, lower 
amputation rate, and lower overall mortality when 
compared to lower extremity injured patients [ 4 ]. 
Upper extremity injuries are more frequently from 
a penetrating mechanism than blunt etiologies. 
They are usually associated with lower- velocity 
missiles and a smaller region of injury than lower 
extremity injuries [ 4 ]. Associated injuries are 
more frequent with blunt trauma as opposed to 
penetrating mechanisms, and the incidence of 
coexisting orthopedic, neurologic, and soft tis-
sue injury can be a defi ning characteristic of the 
regional population served. From trauma bank lit-
erature, there are more penetrating than blunt inju-
ries when comparing military with civilian trauma 
and more blunt than penetrating comparing rural 
catchment centers with urban populations [ 4 ]. 

 Contemporary review of the literature high-
lights the success of upper extremity limb  salvage. 

Franz et al. presented their series of 159 patients 
managed in a multidisciplinary fashion com-
bined within a review of several large contempo-
rary series of arterial injuries [ 3 ]. These patients 
represented 0.74 % of their admissions, and 
78.5 % had concomitant additional nonvascular 
injuries, including 55 % with nerve injury. While 
the majority of injuries involved the distal por-
tion of the arm, proximal injuries were associ-
ated with higher injury severity scores, more 
often the result of blunt force, and associated 
with additional nonvascular injuries and a longer 
intensive care unit stay. Major amputation rate 
across all series was only 2.2 % with a 97.8 % 
limb salvage rate. In a review of 58 patients by 
Ergunes et al. with a 77 % incidence of penetrat-
ing brachial artery injuries over an 8-year period, 
there was a 24 % rate of concomitant nerve inju-
ries with a 35 % rate of long-term disability asso-
ciated with nerve injury [ 5 ]. Locker et al. reported 
on 89 arterial injuries over a 20-year period from 
blunt trauma. Injuries reported included 72 % 
orthopedic, 43 % nerve, and 17 % venous inju-
ries. Blunt axillary artery lesions had a 100 % 
incidence of additional nonvascular injuries. In 
this series, limb salvage was 98 % successful 
with only 2 late amputations due to uncontrolled 
infection [ 6 ]. 

 Contrasting that series of blunt trauma is a 
review by Gill et al. of civilian penetrating axil-
lary artery injuries [ 7 ]. They reported 100 % limb 
salvage with major morbidity related to brachial 
plexus injury. Seventy-nine percent of patients 
suffered stab or gunshot wounds with 22 % pre-
senting with hypotension, 77 % were hemody-
namically stable, and 23 % suffered prehospital 
mortality. In the series, 26 % required emergency 
exploration for bleeding or ischemia, and more 
than one-third had additional brachial plexus, 
axillary vein, or intrathoracic injuries. Lastly, in 
a large series reported by Zellweger et al. from 
South Africa of 124 brachial artery injuries with 
the majority from a penetrating mechanism, there 
was a 21 % rate of post-op complications with 
the majority (11.3 %) comprised of soft tissue 
infection [ 1 ]. Also reported were causalgia and 
ongoing muscle necrosis after fasciotomy, and 
only one out of 73 interposition grafts throm-
bosed [ 1 ].  
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9.2     Anatomic Considerations 

 The anatomy of the axillary and brachial arteries is 
relevant to both the diagnosis and management of 
upper extremity trauma (Fig.  9.1 ). Both segments 
have intimate relationships with neighboring 
major nerves and venous structures. Proximally, 
the neurovascular bundles within the shoulder are 
well protected and fi xed in position, thus more 
vulnerable to blunt than penetrating trauma. The 
force required for injury usually underscores a 
forceful blow, thus a more severely injured patient. 
The superfi cial nature of the more distal extremity 
segment, the brachial artery, enhances vulnerabil-
ity to penetrating mechanisms which are usually 
isolated and collateral damage localized (Fig.  9.2 ).

    The axillary artery is defi ned anatomically by 
the lateral margin of the fi rst rib proximally and 
lateral edge of the teres major muscle distally. In 
its proximally protected location surrounded by 
the chest wall and pectoral and shoulder muscles, 
the axillary artery is protected from penetrating 
injury. Due to its anatomical location, the axillary 
artery may present a formidable challenge to the 

operative surgeon seeking direct surgical expo-
sure for proximal control. The remainder of the 
mid- and distal axillary artery becomes more 
superfi cial and easily accessible heading toward 
the axilla. The pectoralis minor muscle serves as 
the gateway to the midaxillary artery and is 
draped over the anterior surface of the vessel. 
Along the length of the artery from proximal to 
distal are an increasing number of branch arteries 
to the chest wall and shoulder. Intimately associ-
ated with the third portion of the axillary artery 
are the major nerves to the arm, shoulder, and 
pectoral muscles. This close relationship under-
scores the likelihood of combined neurovascular 
injuries with wounding as well as inherent chal-
lenges in rapid, effi cient exposure and repair 
without causing unnecessary iatrogenic injury. 

 The brachial artery runs with the median nerve 
along the anterior compartment of the arm. The 
 profunda brachial branch joins the radial nerve and 
penetrates an intermuscular septum laterally becom-
ing the radial collateral artery which is an important 
proximal collateral to the forearm following injury 
below the level of the mid-biceps. This important 

  Fig. 9.1    The    axillary artery 
is defi ned anatomically by the 
lateral margin of the fi rst rib 
proximally and lateral edge of 
the teres major muscle 
distally. In its proximally 
protected location surrounded 
by chest wall, pectoral, and 
shoulder muscles, the axillary 
artery is protected from 
penetrating injury. The 
pectoralis minor muscle 
serves as the gateway to the 
midaxillary artery and is 
draped over the anterior 
surface of the vessel. 
Intimately associated with the 
third portion of the axillary 
artery are the major nerves to 
the arm, shoulder, and 
pectoral muscles       
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collateral may support distal viability in the setting 
of major arterial injury and allow time for more seri-
ous associated injuries to be addressed. The superior 
ulnar collateral artery accompanies the ulnar nerve 
at mid-brachium and penetrates the intermuscular 
septum medially. The brachial artery is accompa-
nied by two veins: the basilic which is superfi cial at 
the antecubital level and then penetrates the fascia to 
join the brachial vein and the brachial vein with its 
numerous deep and superfi cial anastomoses which 
unite at the level of the lateral border of the teres 
major to become the axillary vein. 

 A timeless adage still holds that standard vessel 
exposure should not be altered or compromised by 
traumatic wounds with the principles of proximal 
and distal control obtained whenever possible in the 
safest and most familiar manner. The most proximal 
axillary artery beneath the clavicle and adjacent to 
the fi rst rib presents a major problem for hasty 
exposure such that a more traditional proximal 
mediastinal or intrathoracic subclavian exposure 
might be suitable. In a modern practice, these mor-
bid exposures lend themselves more appropriately 
to the promise and benefi t of rapid and less  invasive 
endovascular control such as balloon occlusion 
from brachial or femoral access. The Seldinger 
technique is used to access the femoral artery with a 
steep left anterior oblique projection of the chest 
and opacifi cation of the aortic arch to demonstrate 
the origins of the great vessels. Depending on later-
ality, the innominate or left subclavian may be can-
nulated with the appropriate preformed catheter and 
selective hydrophilic glide wire and advanced 
toward the site of injury. Next, an exchange made 
for a stiffer support wire and a long, large- diameter 

sheath to support the appropriate diameter compli-
ant occlusion balloon. This balloon can be gently 
infl ated under fl uoroscopy with the use of a stop-
cock to maintain infl ation and arrest infl ow. In spe-
cial circumstances, the use of a long sheath near the 
site of injury may also afford the option of covered 
stent placement to seal extravasation, close an arte-
riovenous fi stula, cover a pseudoaneurysm, or per-
mit coil embolization of bleeding branch vessels. 

 The remainder of the mid- and distal axillary 
artery is more classically exposed with an incision 
two fi ngerbreadths below mid-lateral clavicle. 
This separates the underlying pectoralis major 
fi bers with the neurovascular bundle beneath the 
clavipectoral fascia. Wider arterial exposure may 
be facilitated by dividing the attachment between 
the pectoralis minor and the coracoid process. The 
more distal axillary artery can be approached with 
an axillary incision and retraction of the lateral 
pectoralis border medially and coracobrachialis 
superiorly. In this position, the median nerve is 
encountered and needs to be gently mobilized. 
Being a superfi cial artery in the brachium lends 
the brachial artery to an easy exposure along the 
medial groove between the biceps and the triceps. 
The basilic vein, brachial vein, and median nerve 
must be identifi ed and protected particularly dur-
ing a hasty exposure to control bleeding.  

9.3     Treatment Algorithm 

 The fi rst decision confronting the attending sur-
geon is immediate surgery versus delay for addi-
tional imaging. For high-velocity blunt trauma 

Brachial artery and vein

Biceps brachii
Radial nerveRadial artery

  Fig. 9.2    The brachial artery runs with the median nerve 
along the anterior compartment of the arm. The profunda 
brachial branch joins the radial nerve and penetrates an 

intermuscular septum laterally becoming the radial collat-
eral artery which is an important proximal collateral to the 
forearm following injury below the level of the mid-biceps       
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and particularly with proximal upper extremity 
injury, there is a signifi cant concurrence of asso-
ciated head and neck, intrathoracic, and abdomi-
nal injury that may supersede extremity care. 
Following the basic tenets of advanced trauma 
life support protocols, resuscitation and triage 
and after addressing immediate life-threatening 
injuries affecting airway, breathing and circula-
tion, attention is turned to the injured extremity. 
The fi rst priority is life-sustaining hemorrhage 
control, the second goal relieving ischemia, and 
lastly stabilizing measures to mitigate future dis-
ability with a goal of restoring meaningful limb 
function beyond basic limb salvage. This includes 
orthopedic stabilization and repair, nerve repair 
and adequate soft tissue coverage combined with 
appropriate antibiotic usage, and a comprehen-
sive and compulsive wound care plan with early 
and aggressive physical and occupational therapy. 

 From a purely vascular standpoint, the present-
ing symptoms of upper extremity vascular injury 
dictate triage and are divided into hard signs that 
mandate immediate exploration and softer signs 
that may beg additional investigation for diagno-
sis and prognosis and even afford the option of 
less invasive endovascular intervention or selec-
tive nonsurgical observation. The well- known 
hard signs include active hemorrhage, expanding 
hematoma, pulseless extremity, or frank ischemia 
as manifest clinically by pain, pallor, paresthesia, 
paralysis, poikilothermy, and pulselessness. 
These patients manifesting hard signs are pre-
pared and taken immediately to the operating 
room for proximal and distal control of the injury 
site and exploration and repair of the artery. For 
the most proximal injuries at the clavicle level and 
a relatively stable patient, it is expected that intra-
operative angiography with endovascular means 
for proximal control of bleeding through balloon 
occlusion with an option for defi nitive endovascu-
lar repair should be in the armamentarium of a 
modern vascular surgeon or collaborating inter-
ventional radiologist. The large diameter and 
fi xed location of the subclavian-axillary vessels 
and their privileged location that challenges safe 
exposure make this area fruitful for endovascular 
endeavors and quite distinct from the more super-
fi cial and smaller- diameter arterial tree beyond 
the mobile shoulder and elbow joints. 

 A more stable patient without frankly isch-
emic signs may demonstrate softer signs of vas-
cular injury such as an ominous mechanism or 
proximity of the wound to a major artery, large 
non-expanding hematoma, high-velocity missile, 
abnormalities in noninvasive perfusion measure-
ment, bruit or thrill, suspicious mechanism with 
additional associated factors such as a major frac-
ture or soft tissue injury that affects accuracy of 
serial examination or multiple sites of injury such 
as a shotgun blast that raises a high probability 
or suspicion with uncertainty about the location 
of the most critical vascular lesion. While tradi-
tional contrast-enhanced angiography has been 
the gold standard and affords opportunity for 
intervention with coil embolization and covered 
stent placement or at a minimum proximal con-
trol with endoluminal balloon occlusion, the abil-
ity to rapidly acquire high-specifi city diagnostic 
imaging with spiral CT angiography has been a 
game changer as a rapid screening test and plays 
a major role in the management of multi-trauma 
patients. In particular, high- resolution diagnostic 
CT angiography is very useful when there are 
additional complex orthopedic and soft tissue 
injuries to be evaluated outside the limited view 
of angiography which only shows intraluminal 
blood fl ow and vessel wall contour. CT angiog-
raphy also allows grading of injury and thereby 
allows triage decisions in addition to planning 
revascularization with conduit assessment and 
required exposure (Fig.  9.3 ).

   The CT exam requires a clinically stable 
patient who does not have hard signs of vascular 
injury that would mandate immediate attention 
and treatment. Furthermore, CTA technology is 
widely available, and other than contrast  exposure 
is noninvasive with rapidly available images and 
information. The images provide necessary detail 
about the associated orthopedic and soft tissue 
injuries that would not be delineated by angiogra-
phy alone. The argument against CTA is that it is 
purely diagnostic and often a signifi cant contrast 
exposure in a frequently hypovolemic or hypo-
tensive patient at risk for contrast nephropathy. 
Conversely, angiography is not always available 
and may take time to assemble a team in addition 
to its invasive nature. Angiography, particularly 
with highly selective views, can be done with 
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much less iodinated contrast than CT angiography, 
offer directly measurable physiologic information 
regarding direction of fl ow and pressure gradients, 
and permit coil embolization of bleeding lesions.  

9.4     Surgical Repair 

 In the operating suite, consideration must be given 
to wide prepping of the patient to allow vein har-
vest for possible interposition grafting or at least 
vein patch repair of the injured vessel. Choices for 
conduit include great saphenous vein, basilic or 
cephalic vein, cryopreserved vein, and antibiotic-
impregnated prosthetic graft. Once proximal and 
distal control is successfully obtained, the area of 

injury can be explored with meticulous sharp dis-
section. In the presence of major hematoma, the 
extravasated blood usually has accomplished 
much of the tissue dissection. Care should be 
taken to avoid directly entering the hematoma 
until safe proximal control can be obtained above 
the wound site. With an isolated penetrating injury 
and long period of anticipated ischemia, systemic 
heparin may be administered once control is 
obtained. Otherwise, local infusion into the artery 
with a syringe of heparinized saline followed by 
passage of a balloon embolectomy catheter to 
clear the vessel of acute thrombus should be the 
initial steps prior to defi nitive repair. 

 For focal injuries, the vessel should be mobi-
lized, the injured wall debrided to normal artery, 

a

c d

b

  Fig. 9.3    ( a ) A 46-year-old male pedestrian struck with 
skull fracture, subarachnoid bleed, shoulder dislocation, 
lumbar fracture, and open tibia-fi bula fracture. The hand 
ischemic in ICU. ( b ) Follow-up images after placement of 
6 × 40 self-expanding stent. ( c ) A 52-year-old male fell 

5 ft onto outstretched arm with shoulder dislocation. 
Unable to pass guidewire due to extrinsic compression. 
Treated successfully with vein graft from axillary artery to 
brachial artery (Courtesy of Dr. Hao Wu). ( d ) Duplex 
images of stent at 1-year post procedure       
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and decision made regarding direct repair, 
 primary anastomosis, vein patch angioplasty, or 
interposition grafting with adequately size- 
matched autologous vein. A wall injury less than 
one-third of the circumference can potentially be 
primarily repaired if the fi nal diameter post 
repair is not reduced. This is best done with 
interrupted 5-0, 6-0, or 7-0 nonabsorbable 
monofi lament suture. Intimal disruption requires 
a more extensive arteriotomy for proper visual-
ization and intimal debridement and tacking 
with vein patch repair of the arteriotomy. It is 
essential that the arteriotomy extend beyond the 
level of intimal repair so that the suture line of 
the vein patch is not directly over the intimal 
tacking sutures which could lead to narrowing, 
fl ow disturbance, and acute thrombosis. Primary 
anastomotic repair may be required and accept-
able if after adequate debridement the vessel can 
be approximated without either tension or lumi-
nal compromise. Permanent monofi lament 
suture that is 5-0 or 6-0 is often employed, and 
an interrupted suture repair is favored for 
smaller-caliber arteries to prevent narrowing or 
cicatrix formation. 

 Additionally, the young trauma patient fre-
quently exhibits severe reactive vasospasm that 
is unique to healthy non-atherosclerotic vessels 
and compounded by hypothermia and hypovo-
lemia, so adjuvant intra-arterial nitroglycerin 
or papaverine boluses may be helpful to over-
come high- resistant outfl ow following repair. 
A fi nal option, rarely employed but essential in 
the hypothermic, acidotic, and coagulopathic 
patient, is vessel ligation and a deliberate choice 
of life over limb. This is a rare scenario and 
interestingly with the rich collateral circulation 
of the shoulder and proximal profunda brachial 
branches may be tolerable until a delayed sec-
ondary repair is possible. 

 Vein injuries are also frequently coexisting 
with arterial injuries; however, with the redun-
dant venous drainage of the arm, these injuries 
are usually ligated with impunity unless an easy 
lateral suture repair option exists or a major out-
fl ow vein such as the proximal axillary or subcla-
vian is involved. Another concern is the high 
incidence of failed venous repair with venous 
thrombosis and potential pulmonary embolism.  

9.5     Multidisciplinary Care 

 Given the frequency of coexisting injuries and 
overriding impact on functional outcomes and sal-
vage, it is prudent to approach patients whenever 
possible in a multidisciplinary manner through 
early collaboration with orthopedics, plastics, 
hand and neurosurgery. The success of upper 
extremity revascularization is high, and it is the 
coexisting orthopedic, soft tissue, and nerve inju-
ries that are the true determinants of functional 
outcomes. Excluding ischemia, acute limb loss is 
frequently from overwhelming and uncontrolled 
secondary infection so adequate debridement of 
nonviable tissue and appropriate coverage of vas-
cular and orthopedic repair is essential. Unstable 
fractures may require stabilization before repair 
such that ultimate reduction does not strain the 
vascular repair and length of conduit for bypass 
can be precisely determined. In this case, commu-
nication and intraoperative collaboration between 
vascular and orthopedic surgeon are essential. 

 In an “ortho-fi rst” scenario, rapid temporary 
perfusion with placement of a simple shunt is 
often necessary. The shunt should be matched to 
the artery size and secured with Rummel 
 tourniquets or Javid clamps with the vascular sur-
geon in attendance during orthopedic manipula-
tion and fracture stabilization followed by prompt 
vascular repair once orthopedic stabilization is 
complete. Major nerve injuries are best served by 
immediate repair when patient stability permits, 
revascularization and orthopedic stabilization are 
completed, and a qualifi ed specialist is available. 
The defi nitive repair is often performed by a plas-
tic and reconstructive specialist or hand surgeon 
and often under microscope guidance. If delayed 
repair is required, particularly in the setting of 
major soft tissue damage or patient instability, the 
identifi able nerve endings should at least be 
tagged with nonabsorbable suture to aid identifi -
cation during secondary exposure, and consulta-
tion with the reconstructive surgeon at some point 
during the initial presentation is best. 

 Finally, it is essential that all nonviable soft tis-
sue is debrided to avoid secondary infection while 
allowing a viable solution for adequate coverage of 
exposed vascular, neurologic, and orthopedic repair. 
This may require local tissue rotation, myoplasty, 
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free-fl ap coverage, synthetic dermal substitutes 
combined with a VAC device, and ultimate skin 
grafting procedures that once again make collabo-
ration with a skilled plastic surgeon invaluable.  

9.6     Fasciotomy Use 

 At the conclusion of the initial operation, it is 
essential to assess the need for decompressive fas-
ciotomy. Fascial compartment pressures can be 
elevated from reperfusion edema after prolonged 
ischemia, local hematoma or extensive soft tissue 
swelling from crush injury, major fractures, or the 
concussive blast from a high- velocity missile. 
Given the signifi cant risk for permanent disability 
from a missed decompression and irreversible 
neuromotor injury and with the advent of wound 
VAC therapy to simplify postoperative wound 
management, the threshold for decompression 
and fascial release should be low. Pressure mea-
surements may be helpful when physical exam is 
equivocal or unreliable, particularly in an intu-
bated and sedated patient who cannot articulate 
pain or allow a reliable physical exam. Although 
an objective measurement, compartment pres-
sures may still require some subjective interpreta-
tion within the clinical context of patient mean 
arterial pressure, central venous pressure, concur-
rent use of vasopressors, and resuscitation status. 
Ultimately, any suspicion of present or pending 
compartment syndrome is best acted upon early in 
the hospital course, and the threshold for decom-
pressive fasciotomy should be very low. 

 Compartment syndrome is uncommon in the 
upper arm, while the forearm is extremely vul-
nerable as the anterior interosseous artery, which 
has no collaterals, supplies the deep volar com-
partment. The true incidence of compartment 
syndrome associated with upper extremity vas-
cular injury is unknown, presenting between 2 
and 29 % in a review of brachial artery injuries 
combined with a series of 139 patients complied 
by Kim et al. In this series there were three sta-
tistically signifi cant predictors of compartment 
syndrome after brachial artery injury including 
intraoperative blood loss, combined injuries, 
and open fractures [ 8 ]. Typically, a dorsal and 
volar incision is required on the forearm. The 

volar incision is curvilinear across the elbow 
and wrist joints, meandering from the medial 
side above the antecubital crease, migrating 
nearly transverse across the elbow crease, and 
travelling down the ulnar side of the forearm. 
The volar incision releases the fl exor compart-
ment and dorsal incision releases the extensors. 
The volar incision should release the median, 
radial, and ulnar nerves, and a deeper intramus-
cular incision will release the deep fl exor mus-
cles. Frequently, a carpal tunnel release must be 
performed as an extension of the volar incision.  

9.7     Pediatric Upper Extremity 
Injury 

 Any discussion linking upper extremity trauma 
and vascular injury would be incomplete without 
mentioning the distinct entity of pediatric elbow 
fracture or more precisely supracondylar fracture 
of the humerus. This is one of the most common 
fractures in children and a 3–14 % risk of associ-
ated vascular injury with a high risk of ischemic- 
related long-term damage that includes neurologic 
injury, Volkmann’s contracture, and amputation as 
the worst possible outcome [ 9 ]. A lengthy review 
of the literature by Griffi n et al. advocated selec-
tive management, while a small series over an 
8-year period that felt any pulseless hand follow-
ing fracture repair must be explored to prevent 
devastating complications or long- term disability 
[ 10 ]. The close proximity of neurovascular struc-
tures to the elbow joint makes these structures vul-
nerable to forces of stretch or entrapment by bone 
fragments or repair wires. Management begins 
with fracture stabilization and specifi c attention to 
the pulse exam before and after reduction. 

 The obviously ischemic hand requires imme-
diate brachial exploration and repair. The stan-
dard treatment is exploration with brachial 
thrombectomy and assessment of damage 
(Fig.  9.4 ). The artery is small and easily prone to 
spasm. Repair options include intimal examina-
tion with local repair through the arteriotomy and 
primary closure, vein patch angioplasty, resec-
tion with tension- free primary anastomosis, or 
vein interposition graft with saphenous vein or 
local basilic vein. Interrupted 6-0, 7-0, or even 
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8-0 suture is required under loupe or microscope 
magnifi cation depending on the size of the artery. 

 In addition to the technical challenges 
imposed by miniature size and vasospastic reac-
tivity of pediatric arterial repair, there is a unique 
subgroup whose management remains open to 
some lively debate in the literature. This group is 
the pediatric supracondylar fracture patient with 
a distinctly pink and pulseless hand postreduc-
tion. This patient has a clearly viable limb yet no 
palpable pulses; only continuous Doppler signal 
at the wrist that is different from the other hand 
and from personal experience may present with 
paroxysms of transient hand pain or paresthesias 
interspersed with asymptomatic intervals. Early 
observation is predicated on a purported theory 
of temporary arterial spasm, while series recom-

mending early surgery emphasize the high inci-
dence of positive arterial fi ndings at exploration 
weighted against the magnitude of devastating 
and permanent adverse outcomes should they 
befall a developing and otherwise healthy child. 
There is no role for angiography in a small 
child when the location of pathology is certain 
and the area of injury is so  easily accessible. 
There is an increasing experience with duplex 
scanning whose low-cost, wide-availability, 
noninvasive, and portable nature makes it an 
attractive second level exam. However, modern 
consensus recommendations for diagnostic 
testing do not exist at this time and should not 
delay direct exploration when indicated and 
defi nitive treatment, when pathology is encoun-
tered (Fig.  9.5 ).

  Fig. 9.4    C-arm images after 
over-the-wire thrombectomy. 
Residual dissection fl ap 
noted       

  Fig. 9.5    Major crush injury 
with continued ischemia and 
infection of soft tissue 
coverage led to multiple 
bypass failures and 
ultimately limb loss 
(Courtesy of Dr. Jeff 
Kaufman)       
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        Conclusion 

 The upper extremity is vulnerable to a variety 
of wounding mechanisms, both blunt and pen-
etrating. Arterial injuries are relatively uncom-
mon and presentation and prognosis can be 
separated by mechanism with penetrating 
injuries in general representing a lower-veloc-
ity wounding mechanism and a smaller zone 
of injury compared to blunt trauma which 
often presents a more proximal and wider 
zone of injury with higher associated injury 
severity scores. Regardless of mechanism, the 
success of arterial repair is outstanding. In 
addition, modern less invasive endovascular 
techniques offer some promise for both adju-
vant care with balloon tamponade and defi ni-
tive treatment by covered stent placement or 
branch embolization of diffi cult to expose 
proximal subclavian and axillary artery and 
branches. Rapid balloon occlusion is of par-
ticular benefi t in the unstable or polytrauma 
patients with unmatched rapidity for control 
of bleeding and potential for defi nitive endo-
vascular repair. In addition, the increased 
availability of rapidly acquired, noninvasive 
imaging by duplex and CTA has increased 
their role in triaging the multi-trauma patient 
by assisting simultaneously with both triage 
of multiple injuries and operative planning. 

 While modern trauma care combined with 
advances in vascular technique and endovas-
cular care has resulted in outstanding success 
with limb salvage, it is the close proximity 
of additional structures and the coexisting 
orthopedic, neurologic, and soft tissue inju-
ries that most likely determine the outcome. 
It is these associated nonvascular injuries that 
most likely and accurately  determine disabil-
ity and ultimately functional and from the 
standpoint of functional success override the 
rare incidence of failed vascular reconstruc-
tion. It is essential to have a multidisciplinary 

approach to these patients early in the presen-
tation with open communication followed by 
early and aggressive rehabilitative services to 
optimize clinical outcomes which are more 
accurately and commonly defi ned by func-
tional outcomes and disability scores than 
ischemic limb loss from a rare instance of 
failed arterial repair.     

   References 

      1.    Zellweger R, Hess F, Nicol A, et al. An analysis of 
124 surgically managed brachial artery injuries. Am J 
Surg. 2004;188(3):240–5.  

    2.    Rich NM, Leppaniemi A. Vascular trauma: a 40-year 
experience with extremity vascular emphasis. Scand 
J Surg. 2002;91:109–26.  

     3.    Franz RW, Skytta CK, Shah KJ, et al. A fi ve-year 
review of management of upper-extremity arterial 
injuries at an urban level I trauma center. Ann Vasc 
Surg. 2012;26(5):655–64.  

        4.    Tan TW, Joglar FL, Hamburg NM, et al. Limb out-
comes and mortality in lower and upper  extremity 
arterial injury: a comparison using the National 
Trauma Data Bank. Vasc Endovascular Surg. 
2011;45(7):592–7.  

    5.    Ergunes K, Yilik L, Ozsoyler I, et al. Traumatic bra-
chial artery injuries. Tex Heart Inst J. 2006;33(1):31–4.  

    6.    Klocker J, Falkensammer J, Pellegrini L, et al. Repair 
of arterial injury after blunt trauma in the upper 
extremity – immediate and long term outcome. Eur 
J Vasc Endovasc Surg. 2010;39(2):160–4.  

    7.    Gill H, Jenkins W, Edu S, et al. Civilian pen-
etrating axillary artery injuries. World J Surg. 
2011;35(5):962–6.  

    8.    Kiom JY, Buck 2nd DW, Forte A, et al. Risk factors 
for compartment syndrome in traumatic brachial 
artery injuries: an institutional experience in 139 
patients. J Trauma. 2009;67(6):1339–44.  

    9.    Griffi n KJ, Walsh S, Markar S, et al. The pink 
pulseless hand: a review of the literature regarding 
management of vascular complications of supracon-
dylar fractures in children. Eur J Vasc Endovasc Surg. 
2008;36(6):697–702.  

    10.    Brahmamdam P, Plummer M, Modrall JG, et al. Hand 
ischemia associated with elbow trauma in children. 
J Vasc Surg. 2011;54(3):773–8.    

N.C. Hadro and R.I. Gross



115A. Dua et al. (eds.), Clinical Review of Vascular Trauma,
DOI 10.1007/978-3-642-39100-2_10, © Springer-Verlag Berlin Heidelberg 2014

10.1            Epidemiology 

    Traumatic injuries to the forearm and hand can 
be penetrating or blunt, which represent 
4–36 % of upper extremity arterial trauma 
 [ 1 – 3 ]. Because of the close proximity of the 
vessels and the nerves as they travel in the arm, 
injuries are rarely just vascular in nature, often 
complicating not only the presentation but also 
the long-term outcome. If not treated in a 
timely fashion and properly, such injuries can 
lead to loss of function, loss of limb, or even 
death [ 4 ,  5 ]. 

 Patients with injuries to the forearm and hand 
can present in many different ways, from a seem-
ingly clean laceration across the wrist or digit to 
a crush injury involving the hand and forearm 
(Fig.  10.1 ).

   Injuries to the forearm and hand are often 
reported as part of upper extremity injuries, with 
brachial artery injuries accounting for 40–55 % 
and radial and ulnar arterial injuries 4–36 % of 
the injuries, with about 67 % resulting from pen-
etrating trauma [ 2 – 4 ,  6 ]. Though it is associated 
with lower mortality, upper extremity injuries 
have a high amputation rate [ 7 ]. On the other 
hand, several studies have reported that vascular 
extremity trauma due to blunt mechanism leads 
to worse outcomes than penetrating injury [ 8 ]. 
This is likely due to the higher energy associated 
with crushing injuries and the higher potential for 
concomitant orthopedic trauma or soft tissue 
loss. The mortality rate of patients with upper 
extremity vascular injury is primarily related to 
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concomitant injuries such as head injury or 
abdominal trauma. Morbidity with upper 
 extremity injuries, and especially with the fore-
arm and hand, is closely associated with damage 
to the accompanying nerve, tendons, and associ-
ated bone fractures.  

10.2     Etiology 

 The most common cause of forearm and hand 
vascular injury is penetrating trauma secondary 
to gunshot wounds and lacerations from stab 
wounds or glass. As mentioned previously, blunt 
trauma is not a common cause of vascular injury. 
As a result, vascular compromise can be easily 
missed during the initial assessment of a 
bluntly injured extremity. Therefore, a basic 
 neurovascular exam is a critical component 
of any extremity exam, regardless of the 

 indication for the  assessment or complaint. One 
 consideration that should raise the index of sus-
picion is the amount of force associated with the 
blunt trauma. Closed bone fractures or disloca-
tions can be associated with arterial injuries. 
These types of injuries result in intimal tears and 
subsequent thrombosis of the vessels without a 
frank of obvious vascular insult (Fig.  10.2 ) 
[ 9 ,  10 ]. An example is hypothenar hammer syn-
drome resulting from repetitive blunt trauma to 
the palm and subsequent injury to the ulnar artery 
via the same mechanism stated above [ 11 ].

   Injuries involving the hand and fi ngers usually 
often require microsurgical skills because of the 
small and delicate nature of the vessels, and 
therefore a hand or reconstructive surgeon is 
often involved. A basic understanding of the 
anatomy and surgical principles is still valuable 
when managing polytrauma patients with vascu-
lar injuries to the upper extremity.  

a

b

  Fig. 10.1    ( a ) Laceration 
across the wrist with 
transection of radial artery, 
median nerve, and fl exor 
tendons. ( b ) Industrial crush 
injury with multisystem, 
segmental damage       
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10.3     Anatomy/Physiology 

 The brachial artery, a continuation of the axillary 
artery, divides just distal to the elbow into the 
radial and ulnar arteries. Prior to its bifurcation, it 
gives off collateral branches around the elbow. In 
the distal aspect, the brachial artery is adjacent to 
the median nerve (Fig.  10.3 ).

   Within the forearm, the radial artery begins 
near the neck of the radius and passes deep to the 
brachioradialis muscle, traveling distally on the 
anterior-radial part of the forearm. This serves as 
a landmark for the division between the anterior 
and posterior compartments of the forearm. As it 
approaches the wrist, it becomes more superfi cial 
and travels between the fl exor carpi radialis and 

brachioradialis tendons and enters the wrist 
through the anatomical snuffbox and between the 
heads of the fi rst dorsal interosseous muscle of 
the hand. It passes anteriorly between the heads 
of the adductor pollicis and becomes the deep 
palmar arch, which in turn will join with the deep 
branch of the ulnar artery. 

 As the radial artery travels down the fore-
arm, it gives off several branches. In the fore-
arm, the recurrent radial artery is the fi rst 
branch, which will anastomose to the collateral 
arterial system around the elbow. Next, the pal-
mar carpal branch arises near the lower border 
of the pronator quadratus and the superfi cial 
palmar branch just as it winds to the radial side 
of the wrist. At the wrist, the dorsal carpal 
branch and fi rst dorsal metacarpal artery are 

a

c d

b

  Fig. 10.2    ( a ) An 8-year-old girl treated for a closed 
supracondylar humerus fracture with closed reduction and 
percutaneous pin fi xation. Postoperative examination 
revealed the extremity distal to the elbow to be ischemic. 
Urgent transfer was made. ( b ) The segment of brachial 
artery just proximal to the bifurcation is noted to have a 

thrombus within it. ( c ) The segment of brachial artery 
associated with the thrombus is presumed to have intimal 
damage given the blunt mechanism of injury and is 
resected. ( d ) A local vein graft is reversed and used to 
bypass the arterial gap created by debridement in a 
 tension-free manner. Healing was uneventful       
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noted and in the hand, the princeps pollicis 
artery, radialis indicis, and deep palmar arch. 

 The artery can be palpated on the radial aspect 
of the wrist, just radial to the fl exor carpi radialis 
tendon, and in the anatomical snuffbox, and if 
during physical examination a pulse is present, it 
has been estimated to correlate with a systolic 
blood pressure of greater than 70 mmHg [ 12 ]. 

 The ulnar artery is the larger branch of the two 
and runs under the pronator teres, fl exor carpi 
radialis, palmaris longus, and fl exor digitorum 
superfi cialis but over the brachialis and fl exor 
digitorum profundus. As the brachialis bifurca-
tion, it travels next to the median nerve on the 
medial side for about 2.5 cm and reaches the 
ulnar aspect of the forearm about midway 
between the elbow and wrist. It continues to 
travel distally on the ulnar border over the fl exor 
digitorum profundus between the fl exor carpi 

ulnaris and fl exor digitorum superfi cialis. About 
a third of the way down the forearm, the ulnar 
nerve travels on the medial side of the artery. At 
the wrist, it enters Guyon’s canal, crossing the 
transverse carpal ligament on the radial side of 
the pisiform bone, and then divides into two 
branches: the superfi cial one which forms the 
superfi cial palmar arch and the deep branch that 
joins the deep palmar arch (Fig.  10.4 ).

   The superfi cial palmar arch lies deep to the 
palmar fascia and gives rise to the volar common 
digital arteries and branches to the intrinsic mus-
cles of the hand. Distally, the common digital 
arteries bifurcate into the proper digital arteries. 
Each digit has a radial and ulnar digital artery 

Inferior ulnar collateral

Brachial artery

Radial artery

Ulnar artery

Interosseus artery

Palmar arch

Digital arteries

  Fig. 10.3    Arterial anatomy of the ventral forearm and 
hand       

Brachial artery

Radial artery

Interosseus artery

Palmar arch

Digital arteries

Ulnar artery

  Fig. 10.4    Arterial anatomy of the dorsal forearm and 
hand       
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supplying it. The deep palmar arch lies at the 
base of the metacarpals, deep to the fl exor 
 tendons. It provides blood supply to the thumb 
and radial half of the index fi nger by the fi rst 
metacarpal artery.  

10.4     Clinical Assessment 

 Upon initial evaluation of a patient and following 
advanced trauma life support (ATLS) approach 
by the American College of Surgeons, during 
secondary survey, a thorough assessment of the 
extremity is undertaken [ 13 ,  14 ]. If persistent 
bleeding is present, direct pressure can be 
applied, or if hemorrhaging, then a tourniquet or 
blood pressure cuff should be placed proximal to 
the injury and infl ated at least 50 mmHg above 
systolic pressure (usually 200–250 mmHg). Two 
issues surrounding tourniquet use are the proper 
location and associated tourniquet pain. The 
position of the tourniquet, whether on the fore-
arm or upper arm, is equally effective in control-
ling bleeding and well tolerated [ 15 ,  16 ]. Under 
no circumstances should hemostats or any kind 
of clamp be used to control bleeding from the 
arm or forearm. The risk of iatrogenic injury to 
adjacent nerves is very high in this setting. A 
thorough history and physical examination, if 
able, should be obtained (Table  10.1 ).

   The classic physical exam features of a vascu-
lar injury include diminished or absent distal 
pulses, a history of arterial bleeding, large or 
expanding hematoma, bruit at the site or injury, 
injury to anatomically related nerves, and injury 
in close proximity to a major artery [ 17 ]. These 
and other clinical signs have subsequently been 
stratifi ed as “hard” and “soft” signs on their pre-
diction of arterial injury in extremities, as shown 
in Table  10.2  [ 10 ]. The presence of a “hard” sign 
of vascular injury mandates immediate surgical 
intervention and repair, while “soft” signs are 
less specifi c and often need further studies to 
either confi rm or exclude vascular injury [ 10 ].

   The hand is perfused by the ulnar and radial 
arteries which terminate as the palmar arches, as 
previously described. In order to determine 

whether a patent palmar arch is present, an 
Allen’s test should be performed (Fig.  10.5 ) [ 18 ]. 
This is done by applying fi rm pressure to both 
the ulnar and radial arteries just proximal to the 
wrist crease while the patient opens and closes 
his hand several times, until blanching is noted. 
The patient is asked to gently open his hand, in a 
position of rest, just short of full fi nger exten-
sion. The pressure over the ulnar artery is 
released while keeping pressure on the radial 
side, and perfusion of the hand is noted. This is 
then repeated but this time releasing the radial 
artery instead while holding pressure over the 
ulnar artery. Perfusion of the hand should take 

   Table 10.1    History and physical exam are the initial 
most important steps when assessing a patient with signs 
of vascular injury   

 History  Physical exam 

 Mechanism 
of injury 

 Radial and ulnar pulses –  Allen ’ s test  

 Time  Capillary refi ll 
 Handedness  Warmth 
 Occupation  Turgor 

 Hand/wrist posture – tenodesis effect 
 Sensation – radial, ulnar, median 
distribution 
 Tendon exam 

   Table 10.2    Clinical signs for the prediction of arterial 
injuries in extremities    

 “Hard” signs  “Soft” signs 

 Active or pulsatile 
hemorrhage 

 Moderate hemorrhage 
occurring at the scene 
of injury 

 Pulsatile or expanding 
hematoma 

 Stable and nonpulsatile 
hematoma 

 Thrill or bruit (suggesting 
an AV fi stula) 

 Proximity of wound to 
a major vessel 

 Evidence of ischemia 
(pallor, paresthesia, 
paralysis, pain, and 
poikilothermia) 

 Peripheral neurological 
defi cit 

 Diminished or absent 
pulses 

 Asymmetric extremity 
blood pressures 
 Presence of shock/
hypoperfusion 
 Associated fracture 
or dislocation 
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5–10 s to suggest an intact palmar arch. Though 
it is an easy and simple exam to perform at the 
bedside, it is subjective and operator dependent, 
as shown by Benit et al. with up to 27 % of the 
population showing a discontinuous palmar arch 
based on this exam [ 19 ].

   Evaluation of the vascular supply to the digits 
can be done in a similar fashion. Color, tempera-
ture, and turgor should be quickly assessed, while 
capillary refi ll can be used to assess adequate per-
fusion. It is generally brisk and less than 2 s. 
Another clinical test to assess blood fl ow to the 
digits is the pinprick test, usually done on an 
insensate fi nger or when the patient is anesthe-
tized. Perfusion of the nail bed, which can be 
readily visualized through the nail plate, is help-
ful in darker-skinned patients. Allen’s test, simi-
lar to the one used to evaluate for palmar arch 
patency, can be performed on the digits. The digit 

is exsanguinated by fl exing it, and then the radial 
and ulnar digital arteries at the base of the digit 
are occluded. With release of either artery, it 
should result in brisk capillary refi ll to the digit. 
However, Allen’s test is rarely required to deter-
mine if perfusion to a single digit is adequate.  

10.5     Diagnostic Testing 

10.5.1     Doppler Ultrasonography 

 Continuous wave Doppler or duplex ultrasound 
devices can be used to evaluate for vascular 
patency. A normal, triphasic signal should be 
heard over the radial, ulnar, and digital arteries. 
More complex or expensive techniques are rarely 
indicated in acute traumatic vascular injury to the 
forearm.   

a

c d

b

  Fig. 10.5    Allen’s  test. ( a ) Firm pressure applied to both 
sides of the wrist over the ulnar and radial arteries while 
( b ) opening and closing the hand. ( c ) Ulnar artery  pressure 

is released and time for capillary refi ll of the hand is 
noted. ( d ) This is then repeated with the radial artery 
released while pressure is maintained in the ulnar side       
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10.6     Operative Management 

 For forearm and hand arterial injuries, bony 
 stabilization of associated fractures is performed 
fi rst, before vascular repair, which will defi ne the 
length of the defect and also avoid inadvertent 
injury to the repair if done in the reverse order. In 
cases where defi nitive vascular repair may need 
to be delayed because of severely comminuted 
fracture or need for extensive soft tissue debride-
ment, a temporary intraluminal shunt can be 
placed until skeletal stabilization and debride-
ment has been completed. 

 The primary vascular management strategy is 
primary repair. However, vascular bypass, with a 
reversed vein graft, is occasionally required [ 20 ]. 
In fact, in crush injuries vein grafts are very help-
ful in spanning gaps created by the proper 
debridement of devitalized vessels. If injury is in 
the forearm and there is absence of ischemic 
changes distal to either an isolated radial or ulnar 
artery injury, the options are ligation and repair 
of the vessel. One must confi rm that there is 

 collateral blood supply if opting for ligation 
[ 20 ,  21 ]. Others opt for a repair of the vessel, 
even with no signs of ischemia, as they believe 
restoration of near-normal blood fl ow is optimal 
[ 22 ]. However, if both arteries are injured, repair 
of the ulnar artery is preferred because it is usu-
ally the dominant and larger vessel [ 23 ,  24 ]. The 
same algorithm can be used for fi nger injuries, as 
there is a dual blood supply to the digits, radial, 
and ulnar aspects of the fi ngers (Fig.  10.6 ).

   If there is segmental loss, an interposition 
graft will be needed for repair of the arterial 
injury. Because the length of the defect is often 
short and the size of the lumen is usually mea-
sured in millimeters, a vein graft remains the 
“gold standard.” Potential donor sites are the ipsi-
lateral forearm and the dorsal foot. The contralat-
eral forearm is often needed for vascular access. 
The more distal the injury in the forearm into the 
hand, the narrower the conduit that will be 
needed, and the veins on the dorsum of the foot 
are a good match (Fig.  10.7 ). Often injuries are in 
contaminated wounds, and although not an 

Brachioradialis

Extensor carpi radialis longus

Extensor carpi radialis brevis

Flexor carpi radialis

Flexor carpi ulnaris

Extensor carpi ulnaris

Extensor digitorum

Flexor digitorum superficialis

Radial and ulnar digital arteries

  Fig. 10.6    Muscles of the 
forearm and digital arteries 
of the hand       

 

10 Radial, Ulnar, and Hand Injuries



122

 absolute contraindication to the use of prostheses 
for arterial repair, it is usually reserved for larger- 
caliber arteries, not extremity arteries [ 25 ].

10.6.1       Radial Artery Injury 

 As previously stated, the radial artery is not the 
dominant source of circulation to the hand, and 
if perfusion to the distal portion of the injured 
extremity is adequate, as evidenced by good 
capillary refi ll of the digits including the thumb, 
warmth, and a dopplerable signal over the palmar 
arch, the artery does not need to be repaired or 
reconstructed, unless the two ends are in close 
proximity. However, if the distal extremity shows 
any evidence of inadequate perfusion, the vessel 
should be repaired. If the mechanism of injury 
was a sharp transection of the artery, the ends 
can be repaired primarily. Additional length can 
be achieved by careful dissection of the vessel 
ends, allowing a tension-free repair of the artery. 
If there is segmental loss of the vessel, a graft 
will be needed to reconstruct it. A vein or arte-
rial conduit can be used, with recent reports not-
ing that arterial grafts might have higher patency 
[ 26 ]. It is likely however that the operative tech-
nique is a far more important factor in successful 
reconstruction.  

10.6.2     Ulnar Artery Injury 

 The ulnar artery is the dominant artery to the 
hand. In most patients, however, it appears that 

there is suffi cient perfusion to the hand via the 
radial artery alone. Numerous studies of the ulnar 
artery forearm fl ap, which requires ligation of the 
ulnar artery, suggest that repair may not be essen-
tial to maintain adequate hand perfusion [ 27 – 29 ]. 
Regardless, the same operative principles as for 
radial artery injuries apply here.  

10.6.3     Digital Artery Injury 

 There is normally an ulnar and a radial digital 
artery to each fi nger; thus, either can be sacrifi ced 
without consequence. After establishing that 
there is adequate perfusion of the digit from the 
contralateral neurovascular bundle, bleeding can 
be controlled usually by closing the skin lacera-
tion and applying pressure, after confi rming that 
the digital nerve is intact. If the injury is circum-
ferential to the digit, a repair or reconstruction of 
at least one digital artery will be required to 
establish perfusion to the distal fi nger. Repair 
requires the use of an operative microscope, and 
if there is segmental loss, a vein graft will be 
needed.   

10.7     Endovascular Management 

 Over the past decade, there has been an increase 
in the use of endovascular techniques for man-
agement of trauma, from stenting traumatic dis-
sections of the internal carotid to embolization 
techniques to stop hemorrhage from a pelvic 
fracture or solid organ injuries [ 30 ,  31 ]. There 

  Fig. 10.7    Dorsal foot veins. 
A good donor site for vein 
grafts because of size match 
and minimal donor site 
morbidity       
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have been reports of the use of endovascular 
techniques in the management of brachial artery 
injuries of the upper arm with angioplasty and 
stenting for intimal disruptions and thrombosis 
and for transections [ 32 ,  33 ]. However, the utility 
of endovascular techniques remains limited for 
more distal injuries in the arm to endovascular 
embolization for transection, pseudoaneurysm, 
or arteriovenous fi stula [ 11 ]. In the setting of 
acute trauma, injuries distal to the axillary artery 
are typically addressed surgically.  

10.8     Fasciotomies 

 Prophylactic forearm fasciotomies should be 
performed in all extremities presenting with 
more than a few hours of ischemia due to the 
high risk of postoperative compartment syn-
drome secondary to reconstitution of arterial 
fl ow, leading to ischemia/reperfusion syndrome 
[ 34 ]. A very high index of suspicion should be 
maintained due to the profound morbidity asso-
ciated with untreated compartment syndrome of 
the upper extremity. 

 Anatomically, the forearm can be divided into 
three compartments: dorsal, volar, and mobile 
wad compartments (Table  10.3 ). The dorsal or 
extensor compartment contains the fi nger, thumb, 
and ulnar wrist extensors. The volar or fl exor 

compartment contains the fi nger, thumb, and 
wrist fl exors. The mobile wad or radial compart-
ment of the forearm contains the brachioradialis, 
extensor carpi radialis longus, and extensor carpi 
radialis brevis.  In the hand, there are ten compart-
ments: four dorsal interosseous, three palmar 
interosseous, adductor pollicis, thenar, and hypo-
thenar compartments.

10.8.1       Diagnostic Testing 

 In addition to the clinical fi ndings associated 
with compartment syndrome, the pressure within 
the compartment in question can be measured. 
Although compartment syndrome is a clinical 
diagnosis, the measured pressure can aid when 
evaluating unconscious patients or when there is 
doubt in the diagnosis [ 35 ]. There are multiple 
methods, including the needle manometer, wick 
and slit catheters, and side-ported needle, with 
the latter technique appearing to be as accurate as 
the slit catheter [ 36 – 40 ]. The most commonly 
used cutoff pressure for the diagnosis of compart-
ment syndrome is 30 mmHg [ 37 ,  41 ]. All three 
compartments of the forearm and ten compart-
ments of the hand should be measured (Figs.  10.8  
and  10.9 ). The clinical exam should always guide 
the surgeon in deciding whether or not to perform 
a fasciotomy. Seemingly normal compartment 
pressures in the setting of a concerning physical 
exam should not reduce the index of suspicion 
for compartment syndrome.

10.8.2         Operative Management 
of Compartment Syndromes 
of the Forearm and Hand 

 The three forearm compartments can be released 
usually via volar and dorsal incisions, as shown 
in Fig.  10.10 . Through the volar incision, the lac-
ertus fi brosus at the level of the elbow is released 
to decompress the median nerve, and the fascia of 
the forearm is opened from proximal to distal 
releasing the muscles of the volar compartment. 
The carpal tunnel should be released distally to 
ensure a full decompression (Fig.  10.11 ).

   Table 10.3    Forearm compartments   

 Compartments  Muscles 

 Dorsal   Superfi cial  – extensor digitorum 
communis, extensor carpi ulnaris, 
and extensor digiti minimi 
  Deep  – abductor pollicis longus, 
extensor pollicis brevis, extensor 
pollicis longus, extensor indicis, and 
supinator 

 Volar   Superfi cial  – pronator teres, palmaris 
longus, fl exor digitorum superfi cialis, 
fl exor carpi radialis, and fl exor carpi 
ulnaris 
  Deep  – fl exor digitorum profundus, 
fl exor pollicis longus, and pronator 
quadratus 

 Mobile wad  Brachioradialis, extensor carpi radialis 
longus, and extensor carpi radialis 
brevis 
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    After releasing the volar compartment, one 
can either clinically or via direct compartment 
measurement determine if the other compart-
ments of the forearm need to be released. Often 
time, by releasing the volar compartment, the 
remaining compartments do not need to be 
decompressed. If pressures remain elevated, a 
dorsal incision, as shown in Fig.  10.10 , can be 
used to decompress the dorsal and mobile wad 
compartments. 

 Compartment syndrome of the hand is 
 uncommon in acute penetrating trauma but can 
often be seen in patients with burns to the hand 
and high- pressure injection injuries [ 42 ].  Elevated 
compartment pressures are not well tolerated in 
the hand compartments, and so much lower 
 values are considered indications for fasciotomy 
than in the forearm, with pressures greater than 
15–20 mmHg being a relative indication for 
 fasciotomy [ 43 ]. As shown in Fig.  10.12 , the 

Flexor compartment

Ulnar artery

Ulna

Extensor compartment

Radius

Radial artery

a

b

  Fig. 10.8    Forearm compart-
ments. At the junction of the 
proximal and middle third of 
the forearm, compartment 
measurements should be 
obtained. ( a ) Ulnar approach 
using ulna as guide to 
measure the deep volar 
compartment. ( b ) Dorsal 
approach to measure dorsal 
compartment       

a b

  Fig. 10.9    Hand compartments – interosseous, thenar, hypothenar, and adductor compartments can be measured 
through these points       
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a

c

e

d

b

  Fig. 10.10    Forearm fasciotomy . ( a - d ) Volar incision: several incisions have been used. ( e ) Dorsal incision: a line from 
lateral epicondyle to mid-wrist up to the junction of the middle and thirds of the forearm       

a

b

  Fig. 10.11    ( a ) Forearm 
   fasciotomy – a case of 
compartment syndrome after 
a brachial artery transection 
from a dog bite. ( b ) Volar 
incision extending through 
the carpal tunnel       
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 dorsal and palmar interosseous compartments 
can be released via two dorsal incisions: the the-
nar and hypothenar compartments via incisions 
over the radial and ulnar aspect of the hand, 
respectively, and the adductor compartment via a 
carpal tunnel incision.

   Once the compartments have been released, if 
skin closure is not possible, the arm/hand is 
immobilized in a non-compressive dressing and 
elevated. A delayed skin closure or skin grafting 
may need to be done once there is resolution of 
the edema. Ultimately, if the magnitude of injury 
to multiple systems in the hand and forearm is 
signifi cant enough, then amputation may be the 
best option [ 44 ].   

10.9     Complications 

 Early postoperative complications include vascu-
lar occlusion after either a primary repair or inter-
position graft and bleeding from disruption of the 
repair. These will require immediate reoperation. 
Iatrogenic injury to surrounding structures should 
be extremely limited if proper techniques are 
used and a detailed knowledge of upper extrem-
ity anatomy is employed.  

10.10     Outcomes 

 Vascular trauma can cause a high degree of 
 morbidity with severe consequences on function 
[ 45 ]. However, an approach that acknowledges 

the upper extremity as a “multiorgan system” 
comprised of skin, blood vessels, musculotendi-
nous structures, bones, and nerves will often 
result in excellent outcomes.  

    Conclusion 

 Vascular injuries to the forearm and hand have 
a wide variety of presentations. Although suc-
cessful vascular reconstruction is the founda-
tion for limb survival, appropriate management 
of injuries to concomitant structures, such as 
nerves, tendons, bone, and missing soft tissue, 
is mandatory for adequate limb function 
[ 6 ,  46 ]. A systematic and thorough approach 
combining history, physical exam, diagnostic 
studies, and coordination with other special-
ties will ensure the best possible outcomes.     
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11.1            Introduction 

    Injuries to the chest from both blunt and penetrat-
ing mechanisms account for approximately one- 
quarter of all traumatic deaths in the United 
States annually [ 1 ]. The majority of all chest 
injuries can be managed non-operatively with 
simple maneuvers such as securing a protected 
airway and performing a tube thoracostomy. To 
ensure the remaining patients receive the best 
chance at a meaningful survival, a fi rm under-
standing of the relevant anatomy, appropriate 
resuscitation techniques, surgical exposure, and 
operative management is of critical importance.  

11.2     Anatomy 

 The anatomy of the thorax is complex and a detailed 
understanding of the relationship of surgically rel-
evant structures is necessary for  effi cient exposure. 
Thorough overviews of the bony thorax, pleural 
cavities, and structures of the mediastinum can be 
found elsewhere in this text and in other resources. 
As an overview, this chapter serves to focus on the 
surface anatomy of the chest and how external land-
marks relate to underlying anatomic structures.  

11.3     Anatomic Defi nitions 

11.3.1     Chest 

 The bony thorax consists of 12 paired ribs, 12 
thoracic vertebrae, and the sternum. The fi xation 
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of the fi rst through tenth ribs anteriorly (sternum) 
and posteriorly (vertebrae) limits the deforma-
tions in the thoracic cage during the respiratory 
cycle. The underlying diaphragm, however, can 
be found as superior as the fourth thoracic verte-
bra or as inferiorly displaced as the costal margin 
depending on where in the respiratory cycle the 
patient is. The craniocaudal border of the chest is 
therefore defi ned as the clavicle to the costal mar-
gin. Posteriorly, the inferior border lies at the 
inferior margin of the scapula (Fig.  11.1 ). Injuries 
within these borders are considered chest wounds 
and require evaluation as outlined later in this 
chapter.

   There is crossover between the superior bor-
der of the abdomen and the inferior border of the 
chest. Superiorly, the border of the abdomen is 
defi ned as the nipple line. Wounds existing in the 
area between the nipple (or inframammary fold 
for females) and the costal margin are considered 

thoracoabdominal and warrant both a thoracic 
and abdominal evaluation.  

11.3.2     The “Box” 

 The majority of stab wounds (approximately 
80 %) causing injury to the heart enter through the 
precordium. This area, often referred to as the 
“box,” is defi ned as an area bounded superiorly by 
the clavicles, laterally by the nipples, and inferi-
orly by the xiphoid process (Fig.  11.2 ). This four-
sided area is extended posteriorly to the back. 
Injuries to this area and missiles with trajectories 
passing through this area mandate the proper car-
diac evaluation as defi ned later in this section. It 
should be noted that the majority of gunshot 
wounds causing cardiac injury do not enter 
through this anatomic area, so suspicion based on 
presumed trajectory and clinical presentation is 

Sternal notch

Scapula

Costal margin

Clavicle

Midclavicular line

  Fig. 11.1    Surface land-
marks of the chest. The 
craniocaudal border of the 
chest is therefore defi ned as 
the clavicle to the costal 
margin. Posteriorly, the 
inferior border lies at the 
inferior margin of the 
scapula       
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necessary for accurate and timely diagnosis [ 2 ]. 
The standard array of chest incisions are depicted 
in Fig.  11.3 .

11.4          Anatomic Relationships 

11.4.1     Heart 

 As stated above, the injuries to the precordium 
(especially stab wounds) are associated with a 
higher incidence of cardiac injury. Externally, the 
superior border of the heart lies approximately at 
the second intercostal space bordered laterally by 
points approximately 2 cm lateral to either side of 
the sternum. The inferior border, formed by the 
right ventricle, can be thought of as connecting 
the point of maximal impulse to the right sixth 
costal cartilage. Connecting the margins of the 
inferior and superior borders estimates the lateral 
borders of the heart. The left ventricle creates the 
left lateral border of the heart.  

Clavicle

Midclavicular line

Costal margin

  Fig. 11.2    The box. The 
majority of stab wounds 
(around 80 %) causing injury 
to the heart enter through the 
precordium. This area, often 
referred to as the “box,” is 
defi ned as an area bounded 
superiorly by the clavicles, 
laterally by the nipples, and 
inferiorly by the xiphoid 
process       

Standard

Midsternotomy
Right

Midsternotomy
Left
Bilateral anterior
thoracotomy

  Fig. 11.3    Chest incisions       

 

 

11 Overview of Chest Trauma



134

11.4.2     Arch Vessels 

 Arising from the aortic valve in the fi brous trigone 
of the heart, the short ascending aorta gives rise to 
the aortic arch. The arch is oriented primarily in 
the anterior-posterior plane with some leftward 
deviation beginning in the midline and ending up 
just to the left of the vertebral column. The three 
great vessels arise from the top of the aortic arch. 
Beginning proximally, they are the right brachio-
cephalic, left common carotid, and left subclavian 
arteries. The great vessels, in combination with the 
ligamentum arteriosum, fi x the aorta to the chest. 
Over 90 % of aortic disruptions seen in blunt 
trauma occur in this area due to this fi xation point.  

11.4.3     Subclavian 

 The left subclavian artery arises reliably from the 
aortic arch. The right side typically arises from the 
brachiocephalic artery but may, rarely, arise directly 
from the aortic arch or from a common trunk shared 
by the right common carotid artery. Bilaterally, the 
arteries are divided into three parts by the anterior 
scalene muscles. The medial portion gives off the 
vertebral artery and thyrocervical trunk. The por-
tion deep to the muscle gives rise to the costocervi-
cal artery. Laterally, the artery is without branches 
becoming the axillary artery as the artery crosses 
the medial portion of the clavicle.   

11.5     Assessment and Initial 
Management 

 All patients with suspected injuries to the thorax 
should be evaluated and resuscitated according to 
the principles of the American College of 
Surgery-Committee On Trauma (ACS-COT) 
Advanced Trauma Life Support (ATLS) guide-
lines and protocols [ 3 ]. The primary survey will 
address immediate threats to life and will aid in 
the triage and further management of all injured 
patients. Prior to arrival, there should be commu-
nication with the transporting emergency ser-
vices team in order to ascertain the hemodynamic 
status of the patient. Patients may be thought of 
as hemodynamically normal or abnormal or have 

lost signs of life and are actively undergoing car-
diopulmonary resuscitation, the latter potentially 
qualifying for a resuscitative (ED) thoracotomy. 

 Patients should undergo a standard airway 
assessment as outlined in ATLS. The decision to 
secure a patient’s airway is multifactorial and 
takes into consideration the patient’s physiologic 
presentation as well as other injuries. One pitfall 
is failure to recognize a tension pneumothorax in 
a patient presenting with respiratory distress. 
Patients presenting with respiratory distress with 
decreased breath sounds or a hyperinfl ated hemi-
thorax along with hypotension (assessment of 
jugular venous distension may be compromised 
in the face of hypovolemia) should have their 
chest decompressed prior to attempting intuba-
tion. The reason is threefold: respiratory distress 
may resolve following appropriate chest decom-
pression alleviating the need for intubation, intu-
bation of a patient with tension physiology is 
diffi cult due to shifting anatomy, and induction 
agents may worsen the patient’s shock state and 
hasten their cardiovascular collapse. 

 The importance of a properly inserted tube 
thoracostomy in the setting of thoracic trauma 
cannot be overstated. The majority of patients 
presenting with thoracic trauma will require only 
a thoracostomy tube in the management of their 
injuries. Findings of hemodynamic lability or 
respiratory distress should cue the treating physi-
cian to the potential need for a chest tube. Imaging 
studies are not necessary in this setting. Stable 
patients with abnormal physical exam fi ndings 
(decreased breath sounds, crepitance, hyperinfl a-
tion, etc.) can proceed with portable radiographic 
imaging prior to undergoing thoracostomy. The 
ideal location for a tube thoracostomy is in the 
mid-axillary line at approximately the level of the 
xiphoid (a consistent landmark which reduces the 
chances of placing the tube in the major fi ssure). 
While a 36 French or larger tube has been tradi-
tionally recommended, emerging data suggest a 
smaller tube may be as effective. For patients in 
extremis, however, a 36 French tube is still rec-
ommended [ 4 ,  5 ]. In the setting of acute trauma, 
a collection system with autotransfusion capabil-
ity should always be considered. There is no indi-
cation to clamp a chest tube in the setting of 
trauma as this increases the potential for creating 
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an iatrogenic tension pneumothorax. In the set-
ting of a massive air leak leading to an inability to 
ventilate the patient, the tube may be placed to 
water seal en route to the operating room for 
defi nitive pulmonary repair. 

 If not addressed in the fi eld, large-bore intrave-
nous access should rapidly be obtained above the 
diaphragm in patients with thoracic trauma. If 
appropriate peripheral access cannot be obtained, 
there are many commercially available rapid infu-
sion devices for placement into the subclavian, 
internal jugular, or femoral veins. Alternatively, 
interosseous access can rapidly be obtained in the 
humeral heads and/or tibias presuming the 
accessed extremities are uninjured. Patients with 
penetrating injuries are at increased risk for requir-
ing a massive transfusion (MT, >10 units of blood 
in the fi rst 24 h). Numerous clinical and laboratory 
predictors of MT exist and have been studied. One 
such model, referred to as the “ABC Score,” 
examined non-weighted clinical parameters to 
determine the risk [ 6 ]. Patients with two of the fol-
lowing—penetrating mechanism, positive focused 
assessment sonography for trauma (FAST), initial 
SBP ≤ 90 mmHg, and arrival HR ≥ 120 bpm—are 
at signifi cant increased risk for MT. As such, insti-
tutions treating unstable patients with penetrating 
thoracic wounds should have an MT protocol, 
which can be rapidly initiated. 

 Increased data have been reported targeting a 
lower systolic blood pressure in the resuscitation 
of patients sustaining penetrating trauma until 
vascular control is obtained. Following early pre-
liminary work by Mattox, the landmark study by 
Bickell found patients (penetrating only) under-
going delayed resuscitation to have a survival 
benefi t over those receiving a traditional resusci-
tation [ 7 ]. A large multicenter study is currently 
enrolling to examine if these fi ndings are appli-
cable to patients presenting to institutions with 
varying pre-hospital transport times and are 
inclusive of blunt injured patients. 

 Resuscitative thoracotomy (RT), originally 
described for medical cardiac arrest in the nine-
teenth century, gained acceptance in the trauma 
population soon after. The specifi c indications, 
however, have evolved since its fi rst description 
and are still disputed today. There are those 
groups advocating a more restrictive approach 

and those purporting a liberal approach. 
Guidelines published by the American College of 
Surgery-Committee on Trauma (ACS-COT) dis-
courage performing an RT on victims of blunt 
trauma presenting with cardiac arrest and spar-
ingly in those that lose vital signs on presentation 
to the trauma center. They report the excessively 
low survival and low likelihood of neurological 
recovery. RT should be restricted to victims of 
penetrating trauma and in patients with witnessed 
physiologic parameters (vital signs, telemetric 
activity, pupillary refl exes, etc.) arriving to the 
trauma center within 15 min of EMS arrival [ 8 ]. 
This recommendation is supported in a recent 
retrospective study by Mollberg where after 
almost a decade of RTs at one institution, a strict 
adherence to the ACS-COT guidelines would 
account for all potential survivors while, at the 
same time, avoiding inappropriate resource utili-
zation and operative hazards to healthcare pro-
viders [ 9 ]. The Western Trauma Association 
(WTA) has recently published guidelines pro-
moting a more liberal approach to RT [ 10 ]. Their 
review, however, lacks appropriate evidence and 
is likely applicable to only a few trauma centers 
worldwide. Future evolution regarding RT is the 
concept of intravascular aortic occlusion. This is 
accomplished by inserting an infl atable balloon 
in the descending aorta through the femoral 
artery. Comparative data between this technique 
and the standard RT are currently time lacking.  

11.6     Imaging 

 As in the case of all injured patients, the need for 
and choice of imaging studies will be dictated by 
the pattern of injury and clinical status. Patients 
presenting in extremis require few, if any, radio-
graphs prior to proceeding to the operating room. 
Stable patients, conversely, may require more 
advanced imaging modalities depending on their 
injury pattern to further characterize their injuries 
prior to intervening. 

 In general, an AP chest fi lm should be obtained 
sometime during the primary survey or soon 
thereafter. During the initial, primary survey, 
symptomatic, life-threatening airway and breath-
ing problems can be addressed without imaging. 
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Concerns for symptomatic and tension pneumo-
thoraces should be treated without delay. The 
chest fi lm is regarded as a part of the circulatory 
assessment in order to evaluate for thoracic hem-
orrhage. Hypotensive patients without signs of 
obstructive shock need to be evaluated for cavi-
tary hemorrhage and a chest fi lm is part of this 
assessment. 

 If not obtained during the primary survey, an 
x-ray of the chest should be performed as a 
 resuscitative adjunct while the patient is undergo-
ing a thorough secondary evaluation. Patients 
presenting with penetrating chest injuries should 
have radiographic markers placed over wound 
sites prior to imaging. If the clinical situation 
allows, a semierect fi lm with the patient in the 

a b

c

  Fig. 11.4    ( a ) Widened mediastinum. ( b ) Tension pneumothorax. ( c ) Massive hemothorax       
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seated  position is preferable. The XR is evaluated 
for tracheal position, parenchymal disease, 
hemopneumothorax, and mediastinal widening 
(Fig.  11.4a–c ). Tube thoracostomy should be 
considered for all hemopneumothoraces seen on 
plain radiograph. Consideration should be given 
to connecting the chest tube to a collection sys-
tem with autotransfusion capabilities. Stable 
patients with low-velocity penetrating injuries 
(i.e., stab wounds) presenting with normal radio-
graphs may be safely discharged if a repeat fi lm 
in 4–6 h fails to show the development of a pneu-
mothorax [ 11 ]. Emerging data suggest patients 
may be safely discharged even earlier than the 
accepted 4–6 h [ 12 ]. Ultrasound has gained pop-
ularity for evaluation of blunt abdominal trauma 
and as such is being used with increasing fre-
quency for the evaluation of thoracic injuries. 
Although operator dependent, the Focused 
Abdominal Sonogram for Trauma (FAST) exam 
carries a high specifi city for the presence intra-
peritoneal fl uid [ 13 ]. Part of the FAST exam 
includes a four-chamber subxiphoid view of the 
heart to evaluate for pericardial fl uid (Fig.  11.5 ). 
In studies of patients with penetrating thoracic 
injuries, sensitivity and specifi city have been 
noted as high as 97 % for cardiac injury [ 14 ]. The 
presence of a left hemo-/pneumothorax may 
reduce accuracy of ultrasound and further diag-
nostic workup may be necessary in this setting. 
Transesophageal echocardiography may have a 

role in diagnosing cardiac and aortic injuries. 
This modality, however, is more invasive and 
operator dependent than traditional transthoracic 
echocardiography.

    CT angiography has virtually replaced tradi-
tional aortography with regard to blunt chest 
trauma. This was evidenced in a comparison 
study between two similar AAST multicenter 
prospective studies separated by a decade (1997 
and 2007) looking at blunt aortic injury [ 15 ]. The 
2007 study noted a near-complete elimination of 
conventional angiography and TEE, with nearly 
all patients undergoing CT angiography [ 15 ]. 
Although limited prospective studies exist, stable 
patients presenting with transmediastinal gun-
shot wounds may be safely evaluated with axial 
imaging following appropriate primary and sec-
ondary surveys. The results of such an imaging 
study will determine the need for further 
 diagnostic workup or operative interventions 
needed. The benefi t of CTA is in its ability to 
delineate missile tract and vascular injury. Missile 
tracts remote from worrisome structures will help 
to limit further imaging studies. If concern for 
injury based on trajectory remains, further 
workup (e.g., endoscopy or fl uoroscopy for 
esophageal evaluation) is warranted. Stable 
patients with periclavicular injuries should also 
have a CT angiogram to assess for vascular 
injury. Management of specifi c vascular injuries 
is addressed elsewhere in this text.  

  Fig. 11.5    FAST view of 
pericardial window       

 

11 Overview of Chest Trauma



138

11.7     Overview of Operative 
Management 

 Figure  11.3  details the traditional incisional 
approaches to the chest cavity. 

11.7.1     Resuscitative Thoracotomy 

 Resuscitative thoracotomy (RT), also known as 
emergency department thoracotomy, is an emer-
gent procedure performed for a patient in extre-
mis. Guidelines and indications for RT have been 
developed and proposed by several organizations 
including the ACS-COT as described above. The 
best results have been reported in patients with 
penetrating cardiac injuries as patients with pen-
etrating non-cardiac thoracic injuries have a low 
survival rate. 

 The primary objectives of RT are release of 
pericardial tamponade, control of major vascular 
or cardiac bleeding, evacuation of bronchovenous 
air embolus, initiation of open cardiac massage, 
and control of the descending thoracic aorta [ 16 ]. 
Obviously, not every patient undergoing an RT 
will require all of these maneuvers, but this serves 
as a basic framework and a stepwise approach to 
the procedure. 

 Patients should be supine with their arms out 
to the side to allow for concurrent vascular access. 
This is the very defi nition of an emergency proce-
dure and typical operation room practices need 
not be followed. If time allows, a stack of blan-
kets is placed under the left hemithorax to elevate 
the chest. The chest is rapidly prepped with 
Betadine while the surgeon dons gloves and 
widely drapes out the entire chest with towels. 

 The incision is a left anterolateral thoracot-
omy made in the fourth or fi fth intercostal space. 
In men this is the inferior border of the pectoralis 
muscle, and in women, the inframammary crease. 
The incision starts at the middle of the sternum 
and is continued laterally, curving upward 
towards the axilla to follow the curve of the rib, 
and terminates at the bed (Fig.  11.6 ). The under-
lying subcutaneous tissue and muscle are divided 
sharply until the chest wall is exposed. The chest 
is entered sharply on the superior aspect of the rib 

to avoid the intercostal neurovascular bundle. 
Intercostal muscle and parietal pleura can then be 
divided with a scalpel or heavy scissors. A self- 
retaining rib spreader such as a Finochietto 
retractor is placed with the handle directed 
towards the bed in the axilla or towards the mid-
line if the need for further exposure is anticipated. 
The sternum can be divided with a heavy scis-
sors, trauma shears, or Lebsche knife to provide 
exposure to the heart and right chest if necessary. 
The internal mammary arteries will not bleed in 
the patient in extremis but will need to be ligated 
if the patient survives. The incision can be con-
verted to a bilateral anterior thoracotomy (clam-
shell incision) by extending the incision across 
the sternum onto the right through the same inter-
costal space or going up one space. This incision 
provides exposure to the pulmonary artery, 
ascending aorta, aortic arch, innominate artery 
and vein, left common carotid artery, pulmonary 
hilum, and azygos vein.

   Once the left chest has been entered and blood 
has been evacuated, the fi rst maneuver is to eval-
uate the pericardium, relieve cardiac tamponade, 
and control cardiac injury. A normal-appearing 
pericardium does not rule out injury and a peri-
cardiotomy should always be performed. The 
pericardium is grasped with Allis clamps anterior 
to the phrenic nerve and opened longitudinally, 
parallel to the phrenic nerve, with scissors 
(Fig.  11.7 ). If the pericardium is tense with 
underlying clot, it may be diffi cult to grasp, and 
the pericardium can be incised with a scalpel and 
then opened with scissors. All clots should be 
evacuated and bleeding sites should be controlled 
initially with digital pressure. Injuries to the atria 
may be controlled with side-biting vascular 
clamps prior to repair. Simple running suture or 
mattress sutures with 2-0 or 3-0 monofi lament 
polypropylene suture should be used. A fi ner- 
gauge suture may be used; however, needle size 
is a consideration. Wounds in the ventricle can be 
controlled with digital pressure until defi nitive 
repair can be performed or temporally closed 
using a skin stapler. Attempting to control a ven-
tricular wound with an infl ated Foley catheter 
may inadvertently enlarge the wound and should 
be avoided.
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   If the heart is not beating, repair should be 
rapidly performed before commencing open car-
diac massage and defi brillation. Open cardiac 
massage is performed with bimanual  compression 
of the heart between cupped hands opposed at the 
wrists at the apex of the heart at approximately 60 
bpm to allow for coronary fi lling. Rapid volume 
infusion is essential to replace lost blood volume. 
Several authors have described directly cannulat-
ing the right atrial appendage to gain central 
access, but this can lead to unnecessary bleeding 
and has the potential for cardiac arrest if the fl uid 
is anything other than warmed blood. Intracardiac 
epinephrine and intravenous atropine and 

 bicarbonate have been suggested by some 
authors, but there is little data regarding their effi -
cacy. Internal defi brillation at reduced energy of 
15–30 J can be performed once adequate preload 
has been restored [ 17 ]. 

 Occlusion of the descending thoracic aorta 
should be considered in patients who have sus-
tained an abdominal injury. This maneuver will 
prevent further blood loss from a direct injury to 
the subdiaphragmatic aorta, branches of the 
aorta, and iliac arteries. There is little utility of 
occlusion in a patient with a major venous injury. 
The lower lobe of the lung is retracted cranially 
to place the inferior pulmonary ligament on trac-
tion. The inferior pulmonary ligament is then 
sharply divided with scissors and the lung is then 
refl ected anteriorly. The thoracic spine, descend-
ing aorta, and esophagus will be visible in the 
posterior mediastinum. The aorta should be eas-
ily palpable as a tubular structure on top of the 
vertebral body; the esophagus can be identifi ed 
by palpating a nasogastric or orogastric tube 
placed soon after intubation. The pleura covering 
the aorta is incised sharply both anteriorly and 
posteriorly, and the space between the aorta and 
esophagus is bluntly dissected with a fi nger. A 
large cross-clamp is then placed and the aorta is 
occluded. Volume resuscitation with blood and 
blood products should continue once the cross- 
clamp has been applied, and plans for defi nitive 
repair in the operating room should be quickly 
initiated [ 18 ].  

  Fig. 11.6    Left anterior 
lateral thoracotomy incision       

  Fig. 11.7    Pericardial incision       
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11.7.2     Median Sternotomy 

 Median sternotomy provides excellent exposure 
to the anterior heart, ascending aorta, innominate 
artery, and left common carotid artery; however, 
access to the esophagus and descending aorta is 
limited. This incision is primarily used for known 
or suspected isolated cardiac injuries, classically 
for the patient with pericardial effusion who does 
not present in extremis. Once effusion is sus-
pected clinically and/or diagnosed by FAST 
exam or pericardial window (see below), the 
patient should be taken to the operating room 
immediately. 

 Close communication with the anesthesiolo-
gist is essential for a successful intervention. 
Patients who have pericardial tamponade depend 
on adequate preload to maintain cardiac output. 
Induction of anesthesia can lead to cardiovascu-
lar collapse in patients with advanced stages of 
tamponade. It is therefore essential that the surgi-
cal team is ready to make the incision prior to 
induction of anesthesia. The patient should be 
positioned with their arms out to allow for intra-
venous access and arterial line placement. The 
skin is prepared from the chin down to the mid- 
thigh, and standard surgical drapes are applied. 
Once the surgical team is positioned at the table, 
the patient is orotracheally intubated. 

 The incision is made 1 cm superior to the 
manubrium and carried down to the tip of the 
xiphoid process [ 19 ]. The incision is carried 
down through the subcutaneous tissues and the 
decussation of the pectoralis fascia until the peri-
osteum of the sternum is reached. Often there is a 
small crossing vein at the superior portion of the 
suprasternal notch at this level which needs to be 
ligated or cauterized. A fi nger can then be placed 
deep to the manubrium and inferiorly to sweep 
the underlying structures, including the innomi-
nate vein, away from the undersurface of the ster-
num (Fig.  11.8 ). Inferiorly a space is developed 
underneath the xiphoid to create a plane between 
the peritoneum and posterior rectus sheath. The 
sternum can be divided with either a Lebsche 
knife or, more commonly, a pneumatic sternal 
saw. The sternal saw is inserted under the sternal 
notch and pulled up so the toe of the saw is 
directly under the sternum. It is important to lift 

up the saw while dividing the sternum as not to 
injure underlying structures. The sternum can 
also be divided inferior to superior. A sternal 
spreader is then inserted and slowly opened to 
provide exposure. Loose adventitial tissue will be 
found overlying the pericardium and can be 
swept away bluntly to expose the heart. If there is 
signifi cant tamponade, the pericardium will be 
tense and will require a scalpel to make the initial 
opening. The incision is made anteriorly away 
from the left phrenic nerve with the scalpel and 
extended superiorly and inferiorly with scissors. 
At the base of the pericardium, the incision 
should be extended to the left and right, making 
an inverted “T” to provide wide exposure to the 
heart. Pericardial blood and soft thrombus are 
evacuated and sites of injury controlled with digi-
tal pressure. Injuries to the heart are managed as 
described above.

11.7.3        Pericardial Window 

 The subxiphoid pericardial window is the gold 
standard method of diagnosing cardiac injury, but it 
has been largely supplanted by FAST examination 
in most trauma centers. The pericardial window 

  Fig. 11.8    Creating the retrosternal plane       
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can be utilized when the FAST exam is equivocal 
or to evaluate the heart during a laparotomy. 

 Patients undergoing subxiphoid window are at 
risk for rapid deterioration from pericardial tam-
ponade so a perioperative strategy similar to the 
median sternotomy should be used. The entire 
chest and abdomen should be prepped and draped 
prior to induction of anesthesia. If the patient dete-
riorates on induction, the procedure should be con-
verted to a median sternotomy. The incision for the 
pericardial window is made 2 cm above the xiphi-
sternal joint extending 6–8 cm below the xiphoid 
[ 20 ]. The anterior surface of the xiphoid and linea 
alba is exposed, and the linea alba is carefully 
divided, taking care not to enter the peritoneum. 
The xiphoid is then grasped with a Kocher clamp, 
dissected free of attachments, and then excised at 
the xiphisternal junction with electrocautery or a 
bone cutter. Using a fi nger, a plane below the ster-
num is created bluntly, sweeping the peritoneum 
down. This dissection is facilitated by lifting the 
sternum up with a narrow handheld retractor and 
sweeping downward with a sponge stick. The peri-
cardium can be palpated and recognized by car-
diac activity. The base of the pericardium is then 
grasped between two long Allis clamps. Placing 
the patient in reverse Trendelenburg position can 
facilitate this maneuver. Prior to opening the peri-
cardium, meticulous hemostasis is ensured to 
guard against false-positive fi ndings. The Allis 
clamps are pulled down inferiorly and the 
 pericardium opened sharply with a scalpel or scis-
sors. Immediate return of blood is diagnostic for 
cardiac injury and is considered a “positive win-
dow,” and the patient should undergo immediate 
sternotomy and repair. If no blood is encountered, 
the pericardium should be gently irrigated or inter-
rogated with a soft suction catheter to reveal any 
thrombus. If no injury is found, the pericardiotomy 
can be left open and the wound closed.   

11.8     Carotid and Subclavian 
Artery Injuries 

 Patients sustaining penetrating trauma to Zone 1 
of the neck or the thoracic outlet may have inju-
ries to the carotid arteries. If an isolated Zone 1 
carotid injury is diagnosed with imaging in a 

stable patient, interventional radiology tech-
niques may be considered for management. Most 
Zone 1 injuries will require operative intratho-
racic proximal control and direct repair of the 
artery as well as exploration of the aerodigestive 
tract. If the cervical spine has been cleared, the 
head should be tilted to the opposite side of the 
injury to provide adequate exposure. An incision 
is made starting at the clavicular head and travels 
obliquely anterior to the border of the ipsilateral 
sternocleidomastoid muscle to the angle of the 
mandible. Once the platysma has been divided, 
the sternocleidomastoid can be retracted laterally 
to expose the carotid sheath and digital pressure 
should be used to control bleeding from the 
carotid artery. Once digital control has been 
achieved, a median sternotomy should be per-
formed as described above to expose the origin of 
the common carotid artery. The innominate vein 
is directly under the manubrium and overlies the 
aortic arch, and superior retraction of the vein 
will expose the arch (Fig.  11.9 ). Careful dissec-
tion along the arch will expose the origin of the 
innominate artery, left common carotid artery, 
and the left subclavian artery. The origin of the 
left common carotid is carefully isolated taking 
care to preserve the left recurrent laryngeal nerve. 
The artery can be controlled with vessel loops or 
vascular clamps. The right common carotid 
artery takes off the innominate and can be con-
trolled in a similar manner. Once proximal con-
trol has been achieved, the injured carotid artery 
can be repaired primarily, with a patch or a short- 
segment interposition graft [ 21 ].

   A periclavicular stab wound may injure the 
subclavian artery or vein, and the operative 
approach is determined by the location of the 
injury and the stability of the patient. Injuries to 
the proximal right subclavian artery are best 
exposed with a median sternotomy and right cer-
vical extension as described above. Wounds in the 
middle and distal vessel can be exposed with an 
“S”-shaped supraclavicular incision with an infra-
clavicular extension. It is often necessary to resect 
the clavicle to provide exposure, and this should 
be done in the subperiosteal plane to avoid injury 
to the underlying subclavian vein [ 1 ] (Fig.  11.10 ). 
Injuries to the proximal left subclavian are very 
diffi cult to expose and require a left anterolateral 
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thoracotomy in the third interspace with a supra-
clavicular incision or “trapdoor” incision. Unstable 
patients with a left subclavian injury are best man-
aged by rapidly performing a third-interspace left 
anterolateral thoracotomy and applying direct 
pressure on the apex of the chest with the sur-
geon’s fi ngers. This maneuver can be performed 

in the trauma room followed by rapid transfer of 
the patient to the operating room. Some authors 
have advocated placing a clamp at the origin of the 
left subclavian off the aortic arch but this may 
prove to be diffi cult in a patient in extremis.

   The “trapdoor” incision carries signifi cant 
morbidity and should be avoided if possible. The 
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  Fig. 11.9    Exposure of the 
innominate vessels       
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“trapdoor” is performed by making a standard left 
anterolateral thoracotomy in the fourth interspace 
(Fig.  11.11 ). A supraclavicular incision is then 
made 2 cm above the clavicle starting at the ster-
nal notch extending laterally. The platysma is 
divided and the origins of the sternocleidomastoid 
and omohyoid muscles are exposed and divided. 
The carotid sheath is exposed and retracted medi-
ally exposing the anterior scalene muscle which is 
divided while preserving the phrenic nerve. The 
subclavian artery is then identifi ed and controlled. 
A skin incision is made over the upper sternum to 
connect the medial borders of the supraclavicular 
and thoracotomy incisions. The sternum is 
divided with a sternal saw beginning at the supra-
sternal notch down to the fourth interspace. A 
sternal retractor is used to elevate the “trapdoor” 
and expose the entire artery for repair [ 4 ]. Most 
subclavian injuries can be repaired with primary 
repair or interposition grafts.

11.9        Postoperative Management 

 Specifi c post-op care of patients with chest 
injuries will be governed by the specifi c injuries 
and the exact procedure(s) performed. Patients 
having undergone a massive blood component 
resuscitation and prolonged operative course 
are at high risk for coagulopathy. These issues 
must be addressed immediately upon admission 
to the intensive care unit. Chest tubes should be 
placed to suction, and output should be fol-
lowed closely as increased output despite cor-
rection of coagulopathy should prompt further 
workup and consideration for return to the oper-
ating room. Although numerous guidelines 
exist for determining when to remove chest 
tubes, they should remain in place until air leaks 
resolve, output has diminished (~100 cc/day), 
and the lung remains infl ated with the collec-
tion system on water seal. 
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  Fig. 11.11    Trapdoor 
incision       
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 Patients suffering signifi cant trauma, espe-
cially thoracic trauma, are at risk for developing 
acute respiratory distress syndrome (ARDS). 
This syndrome may develop indirectly following 
a large resuscitation or directly as a result of 
direct lung injury. Low-tidal-volume ventilation 
has been shown to decrease mortality in such 
patients, and thus patients should be screened 
daily for the presence of ARDS. Preliminary data 
have suggested that the benefi ts of a lung- 
protective ventilation strategy may extend to all 
patients, but strong evidence is lacking [ 22 ]. 

 Other standard ICU practices should be 
 followed. This includes, but is not limited to, 
appropriate venous thromboembolism (VTE) 
prophylaxis, enteric nutrition, and early removal 
of central lines and urinary catheters. A single 
perioperative dose of antibiotics is suffi cient, and 
no data exist for subsequent doses unless needed 
to treat a specifi c infection.     
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12.1           Introduction 

    Penetrating and blunt cardiac injuries are by their 
very nature extremely lethal, and consequently 
only a fraction of patients with a cardiac wound 
will be alive when reaching the hospital [ 1 – 4 ]. 
Patients that do arrive to the ED with penetrat-
ing thoracic trauma can be divided broadly into 
three hemodynamic categories on a continuum 
of physiologic derangements from “in extremis” 
or near death (5 %) to unstable (15 %) to stable 
(80 %), and for the former category immediate 
surgery and often a massive blood transfusion is 
the only treatment modality that offers possible 
 survival [ 5 ]. For patients that arrive without any 
sign of life, only a select group is eligible for an 
emergency department thoracotomy [ 6 ,  7 ]. While 
the decision to operate is readily made for unsta-
ble patients,  stable patients with a possible car-
diac wound, i.e., patients with a penetrating injury 
or high-energy blunt force to the precordium but 
 presenting without any apparent physiologic 
abnormalities, can be challenging to correctly 
diagnose and treat in a safe, timely, and mini-
mally invasive fashion. Patients with  suspected 
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cardiac and great vessel injuries in extremis 
should receive the standard ED thoracotomy via 
a left anterolateral thoracotomy. Different imag-
ing modalities, such as focused assessment with 
sonography in trauma (FAST), echocardiography, 
and computed tomographic arteriogram (CTA), 
can assist the diagnosis, but if equivocal a peri-
cardial window may be the only way of ruling out 
intrapericardial bleeding [ 2 ,  3 ,  8 – 10 ]. 

 The majority of blunt cardiac injuries 
(BCI) are contusions to the myocardium that 
can be treated conservatively with telemetry 
and expectant management; however, severe 
BCI may cause myocardial defects or valvu-
lar injuries which may require surgical repair 
with cardiopulmonary bypass. Historically 
the frequency of injury to the heart chambers 
in penetrating injuries has been reported to be 
predominantly and evenly affecting the ven-
tricles, and less frequently the atria, with the 
left atrium being the least frequent [ 11 ]; this of 
course is highly dependent on the mechanism 
of injury and the trajectory of the wounding 
object. Accordingly, efforts should be made 
to establish the forces involved in the injuring 
process, e.g., bullet caliber, range, and for stab 
wounds the length of the object, as this will 
assist the diagnostic process. 

 Blunt cardiac injury (BCI) can be the result 
of a high-energy impact to the thorax, crushing, 
or a rapid deceleration [ 2 ,  3 ]. In cases of rapid 
deceleration, the heart may suffer injuries where 
fi xed structures attach to the freely suspended 
heart, predominantly at the atria-vena cava junc-
tion and pulmonary vein [ 2 ,  3 ]. BCI can also 
result due to cardiac squeezing or sudden 
changes in intrathoracic or intra-abdominal 
pressure and may include cardiac rupture – often 
right atrium, septal injury, or valvular insuffi -
ciency [ 2 ]. In cases involving a blunt mecha-
nism of injury, e.g., a motor vehicle accident, 
the injury to the heart itself may be of a pene-
trating nature, due to sharp fragments of bone 
from a rib, sternum, or spinal fracture, and 
therefore might not be readily observable  during 
initial inspection.  

12.2     Anatomy and Physiology 

12.2.1     Anatomy 

 Salvaging trauma patients with cardiac and great 
vessel injuries requires intimate knowledge of 
both anatomy and physiology. The surgical anat-
omy includes the anterior, middle, posterior, and 
superior mediastinum, its vasculature and nerves. 
Physiology includes cardiac tamponade, hemor-
rhagic shock, and projectile path. 

 The mediastinum is defi ned by the diaphragm 
inferiorly, the pleura laterally, the sternum ante-
riorly, and the vertebral column posteriorly. 
Surgically, the mediastinum should be evaluated 
from the perspective of what is injured in the peri-
cardium versus what could be injured outside the 
pericardium. The pericardium is a robust fi brous 
sac that completely contains and protects the heart. 
Its strength forms the basis of tamponade. The 
pericardium contains the heart, proximal ascend-
ing aorta, pulmonary artery, pulmonary veins, and 
inferior portion of the superior vena cava. In addi-
tion to these structures, the phrenic nerves reside 
in the lateral middle mediastinum bilaterally. 

 The remainder of the mediastinal structures 
resides outside the pericardium. The anterior 
mediastinum is mainly a potential space between 
the pericardium and sternum. Bleeding in this area 
is usually self-limited if from sternal fractures, but 
occasionally arises from internal mammary or 
proximal intercostal artery injuries. The posterior 
mediastinum contains the esophagus, descending 
thoracic aorta, thoracic duct, vagus nerves, and 
azygous and hemiazygous veins. These structures 
are discussed in preceding chapters. The superior 
mediastinum is divided from the middle mediasti-
num by the pericardium. This division may serve 
as a road map of safety to gain initial control of 
superior mediastinal hemorrhage since hemato-
mas in this area are relatively uncontained making 
dissection diffi cult. The superior mediastinum 
includes the aortic arch, innominate, left carotid, 
and left subclavian arteries; innominate vein; 
superior portion of the superior vena cava; and 
vagus, recurrent laryngeal, and phrenic nerves. 
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 The nerves of the mediastinum are easy to 
injure and diffi cult to locate in trauma. Bilateral 
phrenic nerves arise from cervical roots 3–5. The 
right runs inferiorly on the anterior border of the 
anterior scalene and enters the thoracic cavity 
anterior to the second portion of the subclavian 
artery but posterior to the subclavian vein. It then 
proceeds caudally to the inferior vena cava hiatus 
in the diaphragm by passing anterior to both the 
right atria and the right pulmonary hilum. The left 
phrenic nerve descends along the anterior scalene 
and passes into the thoracic cavity anterior to the 
fi rst portion of the subclavian artery, posterior to 
the vein. It then passes anterior to the left pulmo-
nary hilum and over the pericardium of the left 
ventricle to the left diaphragm. The left vagus 
nerve descends to the thoracic cavity in the carotid 
sheath. It passes anterior to the aortic arch between 
the left carotid and subclavian arteries. At the 
level of the aortic arch, it branches into the vagus 
and left recurrent laryngeal nerve. The left recur-
rent laryngeal nerve ascends superiorly to the lar-
ynx in the tracheoesophageal groove. The vagus 
descends into the abdomen posterior to the left 
pulmonary hilum to become the anterior vagus of 
the stomach as it exits the esophageal hiatus. The 
right vagus nerve descends in the carotid sheath 
and passes anterior to the right subclavian artery 
to divide into the recurrent laryngeal and the 
vagus. The right vagus then descends posterior to 
the pulmonary hilum to the esophageal hiatus to 
become the posterior vagus of the stomach.  

12.2.2     Physiology 

 Cardiac and great vessel injuries create hemody-
namic instability and death due to either cardiac 
tamponade or hemorrhagic shock. Cardiac tam-
ponade is similar to the Monroe Doctrine of brain 
injury. The pericardium is a fairly fi xed container 
divided into two separate spaces, intracardiac and 
extracardiac. Increases in one space force corre-
sponding decreases in the other. With traumatic 
cardiac tamponade, the time to cardiac failure is 
based on the etiology of the blood source. If it is 

an atrial injury or partial ventricular injury, it can 
be hours. Eventually the extracardiac pressure 
begins to approximate or exceed the atrial fi lling 
pressure with resultant hypotension and venous 
congestion. This hypotension can initially be 
overcome with increased preload, but is only a 
temporization. Cardiac tamponade left untreated 
will eventually result in cardiac failure with 
equalization of the extracardiac and intracardiac 
(both atrial and ventricular) pressures. 

 Hemorrhagic shock by its very nature requires 
blood loss; however, the source of shock may not 
be evident at fi rst. Penetrating thoracic trauma to 
the heart and great vessels can hemorrhage 
directly from the entry and exit wounds or into an 
adjacent body cavity. However, these intratho-
racic injuries may actually be tangential with the 
source of hemorrhage from another organ and 
body cavity. Historically the frequency of injury 
to the heart chambers with penetrating mecha-
nisms has been reported predominantly affecting 
the ventricles, and less frequently the atria, with 
the left atrium being the least frequent [ 10 ]; this is 
highly dependent on the mechanism of injury and 
the trajectory of the wounding object. Accordingly, 
efforts should be made to establish the forces and 
vector involved in the injuring process, e.g., bullet 
caliber, range, and for stab wounds the length of 
the object, as this will assist in diagnosing. 
Cardiac injuries typically present with tamponade 
or direct bleeding. Great vessel injuries, on the 
other hand, can be more insidious. These superior 
mediastinal contents may suffer blast effect or 
contusion, tangential injuries, partial wall injury 
with pseudoaneurysm formation, or branch vessel 
injury. This difference in injury pattern accounts 
for the range of hemodynamic profi les present 
with this patient population.   

12.3     Clinical Assessment 
and Diagnostic Testing 

 The aim of this section is to discuss the advan-
tages and shortcomings of clinical signs, imaging 
modalities, and other diagnostic procedures in 
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evaluating cardiac, great vessel, and hilar inju-
ries. It must be emphasized again that emergent 
thoracotomy should not be delayed by diagnostic 
procedures in hemodynamically unstable patients 
and especially patients “in extremis.” A simple 
and direct algorithm was developed by Mattox in 
2000 and remains applicable today (Fig.  12.1 ).

   Any patient with a penetrating mechanism, 
specifi cally a projectile, is at risk of a cardiac 
injury with subsequent cardiac tamponade or 
hemorrhage [ 2 ,  9 ,  12 ]. Traditionally, trauma sur-
geons have been taught to expect a cardiac injury 
when an exterior wound was located in “the box” 
(Fig.  12.2 ). However, with current military and 
civilian ballistics, cardiac injury can occur from 
any entry point into the body. The earliest signs 
of hemorrhage are due to sympathetic nervous 
system surge with increases in heart rate, respira-
tory rate, and peripheral vascular resistance, i.e., 
narrowed pulse pressure. On exam, these patients 
will have pallor, agitation, or anxiety [ 11 – 13 ]. If 
blood is collecting in the pericardium rather than 
being drained either externally or into the tho-
racic cavity, a cardiac tamponade can occur. 
Awake patients early in tamponade physiology 
will not be comfortable in the supine position as 
this compromises their venous return and right 
heart cardiac output. Many of the classical signs 
of tamponade or Beck’s triad, i.e., muffl ed heart 

sounds, distension of jugular veins, and hypoten-
sion will often be absent or diffi cult to observe in 
the trauma bay [ 12 ]. Frequently trauma patients 
early in the tamponade physiology may not pres-
ent with any symptoms of cardiac injury and yet 
later succumb to cardiac tamponade or exsangui-
nating wounds. In fact, an increased mortality 
from cardiac trauma has been reported in large 
case series when the exterior wound was located 
away rather than inside the precordium, possibly 
due to a lower-level of suspicion and attention 
from the clinical team [ 9 ].

   Evaluation of the trauma patient and specifi -
cally the unstable patient occurs best with a regi-
mented approach. Blunt injury to the pericardium 
can be evaluated in the same manner as penetrat-
ing. Portable chest radiographs remain the best 
initial fi lm to assess the thorax for injury and bal-
listic vector. The FAST exam or ultrasound is the 
trauma surgeon’s best friend in evaluating for 
internal bleeding [ 14 ]. All unstable blunt trauma 
patients once the initial ABC’s of trauma are 
complete require a FAST exam [ 14 ,  15 ]. Patients 
with penetrating thoracic trauma require a 
focused cardiac ultrasound to evaluate for peri-
cardial effusion [ 16 ,  17 ]. 

 The FAST is specifi c and sensitive for intra- 
abdominal and cardiac injuries with a sensitiv-
ity for intra-abdominal fl uid of 81–88 %, 99 % 

A B C’s of resuscitation
Specifically suspected penetrating cardiac injuries

HD stable

Negative Questionable

OR for subxiphoid window

Positive

Negative Positive

Median sternotomy

HD stable

HD unstable

Cardiac ultrasound Left anterolateral thoracotomy

HD unstable

  Fig. 12.1    Management of 
cardiac injuries (Adapted 
from Mattox    et al. [ 31 ])       
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 specifi city, and 97 % accuracy and sensitivity of 
pericardial fl uid approaching 100 % [ 14 – 16 ]. The 
ultrasound can also evaluate pneumo- and hemo-
thorax with excellent sensitivity assuming the 
patient does not have subcutaneous emphysema 
[ 16 ,  18 ]. If the patient is stable and the penetrat-
ing mechanism crosses the mediastinum without 
evidence of cardiac injury on ultrasound, then 
these patients require evaluation of their medi-
astinum for injuries. Multi-detector CTA of the 
chest provides excellent evaluation of the superior 
mediastinal vascular structures [ 19 ]. In addition, 
these images will assist with surgical planning, 
incision choice, and evaluation of other injuries. 
If concern remains regarding middle mediasti-
nal injury, then the subxiphoid pericardial win-
dow should be considered the gold standard for 
detecting blood in the pericardium [ 8 ,  12 ]. For 
the most part penetrating cardiac and great vessel 
injuries will be diagnosed by either exsanguinat-
ing hemorrhage, ultrasound of the pericardium, 
CTA or angiography of the chest, or subxiphoid 
window. 

 Video-assisted thoracic surgery (VATS) is 
being introduced to evaluate hemodynamically 
stable patients for intrapericardial injuries [ 20 ]. 
We recommend a modifi ed VATS approach, 
using only partial pulmonary defl ation, and limit-
ing the defl ation to a few respiratory cycles, as 
well as reserving this diagnostic approach for the 
completely stable patients as not all patients will 
tolerate the periprocedural reduction in pulmo-
nary capacity. This approach could be combined 
with an otherwise indicated chest tube place-
ment. Unstable patients should be evaluated by 
TTE or TEE at the bedside or in the operating 
theater for the detection of complex cardiac inju-
ries such as cardiac wall and septal defects, val-
vular insuffi ciency, or injuries to the pulmonary 
artery and vein [ 20 ]. For stable patients, a chest 
X-ray and 12-lead ECG should be obtained to 
screen patients suspected of myocardial ischemia 
or contusion, conduction abnormalities, or 
arrhythmias that may be present in BCI [ 2 ,  21 ]. 
Biomarkers of myocardial cell damage are gener-
ally not used to estimate the seriousness of injury 

Sternal notch

Scapula

Costal margin

Clavicle

Midclavicular line

The cardiac box is 
defined by the 
nipples laterally, 
the clavicles 
superiorly, and 
the costal margin
inferiorly.

  Fig. 12.2    The mediastinum 
is defi ned by the diaphragm 
inferiorly, the pleura laterally, 
the sternum anteriorly, and 
the vertebral column 
posteriorly       
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as they can be either normal or elevated in the 
presence of signifi cant cardiac injury [ 3 ]. 
However in blunt trauma, the combination of a 
normal ECG, normal chest X-ray, and normal 
levels of troponin I has a very high negative pre-
dictive value [ 22 ,  23 ].  

12.4     Initial Management 

 Initial assessment and management of trauma 
patients should adhere to ATLS guidelines [ 11 ]. 
Specifi cally, unstable patients with suspected 
cardiac and great vessel injuries must have a 
secure airway, decompression or evaluation for 
tension pneumohemothorax, and adequate 
venous access as these patients are the highest- 
risk patients for receiving a massive blood trans-
fusion [ 24 ]. Thoracotomy should not be delayed 
in the unstable patient. Every effort should be 
made to reuse the patient’s blood via Cell Saver 
or autotransfusion from the Pleurovac. 

 Cardiac tamponade is the most typical presen-
tation of a stable penetrating cardiac injury. 
Ironically, these patients generally remain stable 
as long as the tamponade persists. These patients 
require judicious boluses of intravenous fl uids or 
blood products as the increased preload allows 
them to overcome the increased extrinsic forces 
of the tamponade on the thin-walled right atria 
and ventricle. This preloading is especially 
important while laying the patient fl at to induce 
anesthesia.  

12.5     Surgical Management 

12.5.1     Choice of Incision and 
Supportive Care 

 Cardiac injury should be expected in all patients 
with mediastinal wound or when entry and/or 
exit wounds suggest a trans-mediastinal trajec-
tory and in hemodynamically unstable patients 
with a relevant mechanism of injury and no other 
detected source of bleeding. Unstable patients 
should proceed with the most expedite incision, 
the left anterolateral thoracotomy. If injuries to 

the great vessels, right hilum, or right heart need 
to be addressed then this incision can be extended 
across the sternum, i.e., the clam shell, for an 
excellent view of the entire anterior chest. For 
stable patients the median sternotomy should be 
considered as it offers good exposure of the heart, 
great vessels, and both pleural cavities [ 2 ,  8 ,  12 ]. 
In addition this incision can be extended up the 
neck or across the clavicles to address carotid and 
subclavian artery injuries as well. 

 For a subgroup of patients with acute cardiac 
failure due to their injuries, or when lung injuries 
cause a critically decreased ability to oxygenate, 
extracorporeal life support can offer a chance of 
survival [ 25 – 27 ]. As many trauma patients are 
already coagulopathic at admission, anticoagula-
tion for extracorporeal life support should only 
be used with outmost caution. It can therefore be 
preferable to omit systemic anticoagulation and 
instead use extracorporeal membrane oxygen-
ation (ECMO) tubing and fi lters coated with anti-
coagulation agents, e.g., heparin-like substances.  

12.5.2     Specifi c Injuries and Repair 

 Upon entering the thorax, the pericardium should 
be evaluated for blood, and any clotted blood 
should be evacuated to allow cardiac fi lling and 
complete inspection. 

12.5.2.1     Trauma Thoracotomy 
 The trauma patient should be prepped from the 
neck to the bilateral groins if time permits in 
preparation of emergent laparotomy for 
 multi- cavity injuries, exposure and harvesting of 
the thigh veins, or extension into the neck for dis-
tal control. Both arms should be extended and 
abducted to allow anesthesia further venous or 
arterial access as required. Left anterolateral tho-
racotomy should begin on the sternum and extend 
along the fourth or fi fthth intercostal space in the 
infra-pectoral or inframammary fold down to the 
intercostal muscles. Heavy Mayo scissors will 
divide the intercostal muscle insertion just above 
the inferior rib. Upon entering the thorax, open 
the chest with the rib spreader handle laterally to 
prevent impeding medial extension across the 
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sternum if required. The thorax should be evacu-
ated of blood, and the inferior pulmonary liga-
ment divided to just distal to the inferior 
pulmonary vein, which resides in the superior 
portion of the ligament. This maneuver will allow 
the lung to be mobilized or packed laterally away 
from the heart. 

 The pericardium should always be evaluated 
for blood. The only defi nitive mechanism to 
assess the pericardium for blood is to open it. The 
pericardium is usually tense and typically cannot 
be grasped with forceps. It should be pinched 
between fi ngers or grasped with an Allis clamp. 
Once the pericardium is lifted away from the 
heart, it should be incised and open with 
Metzenbaum scissors anterior and parallel to the 
phrenic nerve. Any clotted blood should be evac-
uated to allow cardiac fi lling and complete 
inspection. Cardiac tamponade, although lethal if 
allowed to progress, can be protective against 
exsanguination and is associated with an early 
survival advantage [ 7 ,  9 ]. Opening the tense peri-
cardium can result in rapid exsanguinating bleed-
ing, and blood products should be readily 
available to account for this. To insure early 
hemostasis digital pressure should be applied to 
the injured myocardium or vessels until a defi ni-
tive repair can be accomplished. 

 If the cardiac chambers feel empty, the 
descending thoracic aorta should be occluded to 
maintain cardiac and cerebral perfusion. With the 
lung lifted anterior or superiorly, the aorta can be 
palpated to the left side of the vertebral column. If 
the aorta is fl accid due to the hemorrhagic shock, 
an orogastric tube can be passed to assist palpat-
ing the esophagus. Do not clamp this structure; 
the aorta should be left and lateral to the tube. The 
pleural overlying the aorta should be incised both 
anterior and posterior to the aorta. This incision 
can be performed with Metzenbaum scissors or 
fi ngers and should only be large enough to allow 
a straight or curved vascular clamp access. Too 
extensive dissection or spreading posterior to the 
aorta can injure the intercostal arteries and create 
more diffi cult to control bleeding. 

 The left anterolateral thoracotomy only allows 
adequate access to the left chest, left pulmonary 
hilum, left ventricle, and lateral right ventricle. If 

the patient’s injuries involve the right chest, right 
heart, or great vessels, then the incision will need 
to extend across the sternum to the right third or 
fourth intercostal space. The sternum can be 
divided with a powered reciprocating bone saw, 
Gigli saw, or Lebsche knife. Once divided and 
the patient is stabilized, the internal mammary 
arteries must be ligated. The arteries receive dual 
blood supply; therefore, bilateral proximal and 
distal ends must be ligated.  

12.5.2.2     Atrial 
 Atrial defects can be isolated by use of a vascular 
clamp (e.g., a Satinsky clamp) and repaired with 
nonabsorbable monofi lament 2–0 or 3–0 suture 
(e.g., Prolene) by simple running or horizontal 
mattress suturing [ 7 ,  8 ]. Given the thin atrial wall 
and its consequent risk of tearing, a horizontal 
mattress can be advantageous [ 7 ,  8 ]. The suture 
bites should be full thickness to minimize atrial 
myocardial tear and maintain hemostasis. The 
most diffi cult part of suturing the myocardium 
(all chambers) is tying the knot with the appropri-
ate tension. The tendency is for too much tension 
and subsequent tearing of the heart thereby creat-
ing a more severe injury.  

12.5.2.3     Ventricular 
 Ventricular defects can be more challenging to 
suture than the atria due to the increased chamber 
pressures and vigorous contractions. Ventricular 
lacerations are repaired using 2–0 or 3–0 nonab-
sorbable monofi lament sutures by simple, run-
ning, or horizontal mattress techniques, but should 
not be full-thickness bites to prevent injuring 
intraventricular structures. To avert having the 
sutures tear through the myocardium, the use of 
pledgets (0.5 × 1 cm), either Tefl on or pieces of 
the pericardium, may be necessary [ 5 ,  8 ]. 

 Injuries adjacent to the coronary arteries 
should be repaired utilizing horizontal mattress 
sutures, placed beyond or distal to the artery 
(Figs.  12.3  and  12.4 ) [ 7 ]. Lacerations of the coro-
nary arteries can by managed by ligation if 
located in the distal third or small branches, while 
proximal injuries will likely require coronary 
artery bypass grafting (CABG) but are rarely sur-
vivable. If a penetrating object is retained in the 
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wound, sutures must be placed prior to removing 
the object (Fig.  12.5 ).

     Care should be given not to injure or restrict 
the fl ow of coronary arteries when suturing in 
their proximity. If ischemia occurs, the suture 
tension should be released or the entire suture 
should be replaced with the mattress stitch more 
distal to the artery. 

 Posterior cardiac injuries most commonly 
involve the left ventricle. These injuries are dif-
fi cult to repair via a median sternotomy. A left 
anterolateral thoracotomy allows better access. 
Any upward traction of the heart can cause car-
diac arrest due to outfl ow obstruction. Access to 
the posterior heart can be gained by sequential 
packing of gauze behind the heart to elevate.   

12.5.3     Intracardiac Injuries 

 Intracardiac injuries can be diffi cult to diagnose 
initially if the patient is not evaluated with TTE 
or TEE, and some studies report a relatively 
high incidence of delayed diagnosis for these 
valvular injuries and septal defects [ 21 ,  22 ,  28 ]. 
Intracardiac injuries require cardiopulmonary 
bypass with systemic anticoagulation and  cardiac 

  Fig. 12.3    Suture with no pledget. Injury adjacent to coro-
nary artery. Use horizontal mattress technique and place 
the sutures deep and distant to the artery. Care should be 
taken not to restrict coronary blood fl ow when tightening 
the suture       

a

b

  Fig. 12.4    Injury adjacent to coronary artery. Horizontal 
mattress technique as in Fig.  12.3 . To avoid tearing the 
myocardium, pledgets can be utilized. Here shown with 
“pledgets” made impromptu from the pericardium. Shown 
before ( a ) and after ( b ) tightening the suture. Use same 
depth and distance to the coronary artery as without pledgets       

  Fig. 12.5    Retained objects should be removed only when 
sutures have already been placed. Tighten the loop as the 
object is removed       

  

 

M.A.S. Meyer et al.



153

arrest for repair. This might not be possible or 
even benefi cial in the acute hemorrhagic set-
ting. If the injuries are not threatening to strain 
the heart, which could otherwise result in cardiac 
failure,  and  adequate circulation with perfusion 
can be maintained, then it may be optimal to 
delay repair until the patient has stabilized. The 
repair of intracardiac injuries is a daunting task 
and should only be performed by a surgeon spe-
cialized in cardiac surgery.  

12.5.4     Injuries to the Pulmonary 
Arteries and Veins 

 Hemorrhaging pulmonary hilar injuries have a 
high mortality rate due to rapid exsanguination 
and are very challenging to control or repair. The 
hilar structures are diffi cult to access, and proxi-
mal pulmonary artery or vein injuries often require 
extracorporeal circulation during repair. Hilar 
clamping requires complete mobilization of the 
inferior pulmonary ligament and often requires 
two hands to guide the Satinsky clamp around 
the hilum. This proximal control can facilitate 
bleeding cessation and alleviate the passage of 
air emboli from the injured lung, but will increase 
cardiac afterload considerately and might not be 
tolerated by the already strained right heart. 

 The lung twist technique described by Mattox 
is for peripheral pulmonary injuries and should 
not be used in cases of hilar injuries. If attempted 
with hilar injuries, it may create further tearing of 
the vessels and should be used only as a last resort. 
If en bloc pneumonectomy is considered, then 
proceed quickly with a vascular load TA stapler as 
a compromised heart will not survive this increased 
afterload. Survival from this can be as high as 
42 %, but postoperative care may require extracor-
poreal membrane oxygenation (ECMO) [ 29 ].  

12.5.5     Injuries to the Great Vessels 

 First rule of great vessel injuries is to keep it sim-
ple and call for help. Second rule is to consider 
shunting all complex injuries initially, especially 
the carotid artery. 

 Patients with injuries to the great vessels pres-
ent in two manners: relatively stable after blunt or 
penetrating mechanisms or unstable after pene-
trating mechanisms. Stable patients with trauma 
to the great vessels are typically diagnosed on 
CTA of the chest. These patients allow for time to 
plan operative approach and seek specialists’ 
assistance. Advancements in endovascular tech-
niques have made open repair of great vessel 
injuries less frequent and have greatly improved 
at least short-term outcomes [ 30 ]. 

 Penetrating injury to the great vessels creates 
unstable patients; therefore, the trauma surgeon 
frequently is forced to explore these injuries 
emergently via a clam shell incision. If, however, 
these patients arrive reasonably stable and best 
projectile mapping suggests injuries to the supe-
rior mediastinum, then a median sternotomy will 
allow increased access and versatility to approach 
the great vessels. The incision should be started 
2 cm superior to the manubrium and extend 2 cm 
beneath the xiphoid process. Blunt dissection 
along the posterior aspect of the sternum will cre-
ate a safe plane for placement of a sternal saw or 
Lebsche blade. While dividing the sternum 
always lift away from the patient and heart to 
protect the mediastinal structures. At completion 
of the sternotomy, bone bleeding can be  controlled 
with cautery, bone wax, or lap pads behind the 
sternal retractors. 

 Once the chest is open, two scenes evolve: 
either a large expanding hematoma or pulsatile 
bleeding. Pulsatile bleeding should be controlled 
by fi nger compression, usually the assistant’s. To 
gain access to the great vessels, the thymus should 
be divided fi rst. The next structure to be identifi ed 
and encountered is the innominate vein. If it is the 
only injury and less than ½ the circumference is 
involved, simple repair with 4–0 or 5–0 nonab-
sorbable monofi lament suture via lateral wall 
venorrhaphy is suffi cient. If it is completely tran-
sected or deeper mediastinal access is required, 
the innominate vein should be divided and ligated. 

 Once the left innominate vein is controlled, 
mobilization of the aortic arch and great vessels 
is required to explore the mediastinum, control 
bleeding, and repair injuries. The easiest method 
to defi ne the anatomy and facilitate exploration is 
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to open the pericardium in the midline and extend 
this incision superiorly along the ascending aorta. 
The pericardial refl ection should be divided along 
the patient’s right side of the ascending aorta, 
thereby completely freeing anterior mobilization 
of the aortic arch. 

 At this point with the innominate vein divided 
and the pericardium open, the heart, ascending 
aorta, aortic arch, and great vessels (specifi cally 
innominate artery and left carotid) should be 
completely exposed. Before further dissection 
continues, the vagus nerve anatomy should be 
verifi ed. Both vagus nerves descend from the 
neck in the carotid sheath between the carotid 
artery and jugular vein. The right vagus nerve 
will pass anterior to the right subclavian artery 
and then dive deep to the pulmonary hilum after 
the right recurrent laryngeal wraps around the 
subclavian artery to ascend superiorly in the tra-
cheoesophageal groove. The left vagus nerve will 
descend lateral to the carotid artery, and it will 
pass anterior to the aortic arch between the carotid 
artery and subclavian artery ostia where the left 
recurrent laryngeal nerve wraps around the arch. 

 With the mediastinum exposed and the bleed-
ing controlled, reconstruction with the assistance 
of intraoperative consults to cardiovascular sur-
gery should be considered. Regarding specifi c 
injuries, simple aortic injuries can be repaired 
with side-biting clamps and interrupted suture 
of 3–0 monofi lament. The great vessels may 
be shunted or occluded with balloon catheters 
while proximal and distal exposure and control 
is attained. Distal control may require extending 
the median sternotomy incision in the direction 
of the vessel injured. The proximal great ves-
sel injuries may require bypass from the aorta 
with Dacron or ePTFE interposition grafts prior 
to exposure of the injury or as defi nitive repair. 
Distal injuries will be repaired with interposition 
grafts if simple repair is not possible.  

12.5.6     Special Considerations 

 The use of Foley catheters to occlude and con-
trol bleeding from myocardial defects facilitates 
 temporary hemostasis; however, there is risk of 

enlarging the defect when infl ating the catheter, 
and their use should be limited [ 8 ]. The Foley 
catheter technique should use saline to infl ate the 
balloon to just large enough to control the bleeding 
(usually <10 mL). Skin staplers may allow rapid 
repair of myocardial injuries and could possibly 
reduce the risk for needlestick injuries; however, 
this technique may not provide adequate hemor-
rhage control and the long-term effects of skin sta-
plers in the myocardium are largely unknown [ 7 ]. 
Sternal closure may be omitted initially in patients 
that remain unstable after initial repair and resusci-
tation or when return to the OR for re-exploration 
after stabilization in the ICU is expected; instead 
a vacuum closure such as Vacuum-assisted clo-
sure (VAC) can be used. Acutely, the surgeon can 
“pack” the patient with gauze or hemostatic dress-
ing if bleeding persists and cover with a dressing.  

12.5.7     Equipment 

 Most cardiac injuries can be repaired with a mini-
mum of equipment; however, due to the very 
acute nature of cardiac bleeding, preparations 
should be made to ensure immediate availability 
of the following (Fig.  12.6 ):
•     Disinfectant fl uid for rapidly prepping the 

patient  
•   Scalpel, scissors, needle holder, and forceps  
•   Rib retractor  
•   Vascular clamps, e.g., a Satinsky clamp, and 

two long curved clamps  
•   2–0 and 3–0 monofi lament nonabsorbable 

sutures and skin staplers for temporary repairs  
•   Internal defi brillator paddles      

12.6     Postoperative Management 

 Postoperatively patients should be monitored 
and evaluated for the development of tampon-
ade, arrhythmias, conduction abnormalities, or 
heart failure after admission to the surgical ICU. 
Temporary pacing may be necessary especially in 
patients with septal injuries, and these temporary 
epicardial electrodes should optimally be placed 
during surgery. If a TEE has not been  performed 
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intraoperatively, all patients with  cardiac injury 
should postoperatively receive a TEE to assess for 
injuries to the septum or valves and/or decreased 
wall motion. If myocardial ischemia is evident, 
coronary angiography (CAG) and percutaneous 
coronary intervention (PCI) with balloon dila-
tion or stenting can be performed if the patient’s 
condition allows. This also includes ischemia 
secondary to surgical repair of cardiac wounds, 
with sutures inadvertently  causing strictures of 
coronary arteries.  

12.7     Outcomes 

 For cardiac injuries the reported mortality rates 
are highly variable; however, early predictors of 
poor outcome includes prehospital loss of vital 
signs, asystole, and fi xed dilated pupils at admis-
sion, and the perioperative observation of global 
myocardial stunning, collapsed coronary arteries, 
and the presence of air emboli in the coronary 
veins [ 7 ,  12 ]. Stab wounds rather than gunshot 
wounds are reported to have more favorable out-
comes [ 7 ,  12 ]. In blunt cardiac injury there are 
often associated injuries in other organ systems 
including the central nervous system which 
accordingly will infl uence the outcomes in a 
 negative direction [ 3 ].  

    Conclusion 

 The management of the trauma patient is often 
dictated by local guidelines and infl uenced by 
available diagnostic capabilities and surgical 
expertise. Cardiac and great vessel injuries 
come with a high level of morbidity and mor-
tality, requiring prompt diagnosis and often 
surgical repair. A high level of suspicion is 
necessary as symptoms might not be present 
at admission though the patient may have a 
potentially mortal cardiac wound. We recom-
mend that a cardiovascular surgeon be con-
sulted early if cardiac or great vessel injury is 
suspected as complex injuries will require car-
diopulmonary bypass and complex surgical 
repair.     
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13.1            Introduction 

 Injury to the aorta and the arch vessels can occur 
following blunt and penetrating trauma. While 
penetrating trauma commonly occurs secondary 
to gunshot and stab wounds, blunt trauma is often 
secondary to motor vehicle accidents. Traumatic 
aortic injury (TAI) is the second most common 
cause of death after blunt trauma [ 1 ,  2 ]. In recent 
autopsy series involving traffi c accidents, 33 % of 
the victims had associated TAI, with 80 % dying 
prior to hospital arrival [ 2 ]. TAI is a signifi cant 
modern health problem. Considering that 37,661 
motor vehicular deaths occurred in 2010, an esti-
mated 12,553 (33 %) may have involved TAI [ 3 ]. 
In comparison, aortic aneurysms and dissections 
were responsible for 10,397 deaths in the same 
year. Signifi cant advancements have been made 
in the diagnosis and treatment of aortic injuries 
over the past two decades. These include the 
widespread use of CTA for diagnosis, medical 
management of minimal aortic injuries, delayed 
repair (>24 h) for stable patients, and broad 
implementation of endovascular repair. This 
chapter describes the anatomy, pathophysiology, 
diagnosis, management, and outcomes of TAI.  
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13.2     Anatomy 

13.2.1     Ascending Aorta 

 The ascending aorta begins within the pericardial 
sac, gives off the right and left coronary arteries 
at the root of the aorta, and travels approximately 
5 cm before giving off the branches of the aortic 
arch.  

13.2.2     Aortic Arch 

 The brachiocephalic, left common carotid, and 
left subclavian arteries (LSAs) are the three 
major branches of the arch in most patients. The 
brachiocephalic artery bifurcates to form the 
right common carotid and right subclavian arter-
ies (Fig.  13.1 ). The ligamentum arteriosum is the 
remnant of the patent ductus arteriosum, which 
shunts blood from the pulmonary artery to the 
aorta during development.

13.2.3        Descending Aorta 

 The descending aorta begins after the ligamentum 
arteriosum and travels to the aortic hiatus at the 
level of the diaphragm near the T12 vertebra, 
where it becomes the abdominal aorta. The thora-
coabdominal aorta lies posterior to the esophagus 
at this level, near which it gives off bronchial arter-
ies, esophageal arteries that travel to the middle 
third of the esophagus, several mediastinal arteries 
that travel to the posterior mediastinum, pericar-
dial arteries, nine pairs of posterior intercostal 
arteries that supply the 3rd–11th intercostal spaces, 
two subcostal arteries, superior phrenic arteries 
that supply the diaphragm, and a number of lum-
bar branches that travel to the spinal cord.  

13.2.4     Variant Anatomy 

 A variety of congenital alterations to the aortic 
arch exist, such as the true bovine arch and so- 
called bovine arch. The true bovine arch is a rare 

Left common carotid artery

Left subclavian artery

Brachiocephalic artery

Aortic arch

Ascending aorta

Descending aorta

  Fig. 13.1    Lateral view of the 
great vessels of the aorta       
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variant in which a single, large common brachio-
cephalic trunk comes off the arch and separates 
into the right and LSAs and the bicarotid trunk. 
This bicarotid trunk then bifurcates to form the 
right and left common carotid arteries. A more 
common variant is the so-called bovine arch, 
present in as many as 20 % of patients [ 4 ]. The 
so-called bovine arch includes a brachiocephalic 
trunk that splits into the right subclavian, right 
common carotid, and left common carotid arter-
ies. The LSA comes off separately from the arch 
of the aorta. Other variants include the left verte-
bral artery coming off directly from the arch in 
2.5 % of patients and the existence of a right- 
sided aortic arch in patients with dextrocardia or 
situs inversus. 

 Anatomic variants with the aorta can mas-
querade as traumatic injury. For example, a 
ductus diverticulum may be present along the 
anterior surface near the ligamentum arteriosum, 
which may be confused with pseudoaneurysm 
formation. Ductus diverticula appear as a smooth 
outline within the aortic lumen and do not have 
intimal fl aps. In contrast, true pseudoaneurysm 
formation typically presents as an irregular out-
pouching with an irregular base and intimal fl aps. 
An aortic spindle may present as circumferen-
tial dilatation between the LSA and ligamentum 
arteriosum.   

13.3     Pathophysiology 

 More than 85 % of patients with blunt TAI die 
prior to hospital arrival. The majority of patients 
who survive to undergo imaging and interven-
tion have an injury at the aortic isthmus that is 
limited to the intima and media [ 5 ]. Survival of 
more advanced injuries (free rupture of the aorta) 
is rare [ 6 ,  7 ]. Nearly 99 % of patients who survive 
to make it to the hospital will die without surgical 
intervention: 15 % will die within the fi rst hour, 
30 % within 6 hours, nearly 50 % within 1 day, 
nearly 75 % within 1 week, and 90 % within 4 
months [ 5 ]. The most common site of blunt TAI 
is at the proximal descending aorta, near the loca-
tion of the ligamentum arteriosum, occurring at 
a rate of approximately 46 %. Elsewhere within 

the thoracic aorta, the rate of injury is 18 % at the 
ascending aorta, 13 % at the arch, and 16 % at 
the descending aorta (Fig.  13.2 ) [ 5 ,  8 – 12 ].

13.3.1       Mechanism of Injury 

 The cause of blunt TAI is multifactorial and 
includes high-shearing forces, torsion, and 
extreme stretch at fi xed points of the aorta, such 
as the ligamentum arteriosum, aortic root, and 
sites of major branches, such as the arch [ 7 ]. 
Differential relative motion at different points of 
fi xation further contributes to trauma, especially 
at the isthmus [ 13 ,  14 ]. Penetrating injuries to 
the thoracic aorta are uncommon. When pres-
ent, they are likely to lead to rapid exsanguina-
tion, and many of these patients do not survive 
transport to the hospital. For those rare survivors, 
open repair is indicated for unstable patients. 
Endovascular repair may be attempted in a stable 
patient who is an anatomically suitable candidate 
based on preoperative imaging.  

  Fig. 13.2    The incidence of injury to the thoracic aorta 
ranges from 18 % at the ascending aorta, 13 % at the arch, 
46 % at the ligamentum arteriosum, to 16 % at the 
descending aorta       
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13.3.2     Classifi cation of Injury 

 Based on CTA imaging, TAI is classifi ed by 
severity: grade 1 injuries have an intimal tear 
( without  external contour abnormality); grade 2 
injuries involve the media and develop an intra-
mural hematoma ( with  external contour abnor-
mality); grade 3 extend to the adventitia and lead 
to pseudoaneurysm formation; and grade 4 have 
a free rupture of the aorta (Figs.  13.3  and  13.4 ) 
[ 15 ]. Management of grade 1 injuries can be 
conservative, with strict blood pressure control 
and follow-up CTA in 6 weeks to verify resolu-
tion. Grade 2 and 3 injuries should be urgently 
repaired, while grade 4 injuries require emergent 
intervention.

13.4          Clinical Presentation 

 The most common causes of blunt TAI include 
motor vehicle collision (MVC) (78 %), motorcy-
cle accident (9 %), pedestrian (7 %), fall (5 %), 
and bicycle (1 %) [ 9 ]. The use of a seat belt 
decreases the risk of TAI by fourfold [ 16 ]. 

Concurrent injuries in patients with blunt TAI 
include major abdominal injury (57 %), closed 
head injury (50 %), major peripheral vascular 
injury (46 %), multiple rib fractures (46 %), pul-
monary contusion (38 %), pelvic trauma (31 %), 
upper extremity trauma (20 %), fl ail chest (12 %), 
and spine injury (12 %) [ 8 ,  17 ]. 

 Up to one-third of patients with blunt TAI have 
minimal signs of chest wall injury, which may con-
tribute to missed injuries in favor of more obvious 
orthopedic or peripheral vascular trauma. Physical 
exam fi ndings are nonspecifi c and are not sensitive 
for the diagnosis of blunt TAI (Table  13.1 ). 
Penetrating TAI typically presents with evidence 
of chest wall trauma, and physical fi ndings include 
distended neck veins, muffl ed heart sounds, and 
hypotension secondary to tamponade physiology.

13.5        Diagnosis 

 The diagnosis of TAI in patients with blunt trauma 
can be suspected on plain chest x-ray (Table  13.2 ). 
A widened mediastinum may be seen on plain 
chest x-ray in more than 90 % of patients with TAI 

Grade I

Grade III
Grade IV

Grade II
Intimal tear

Pseudoaneurysm Rupture

Intima
Media
Adventitia

Intramural
hematoma

  Fig. 13.3    Classifi cation of 
traumatic aortic injury. Grade 
I injuries present with an 
intimal tear and can often be 
managed with anti-impulse 
control. Grade II injuries have 
an intramural hematoma and 
are often managed with 
endovascular stent graft 
placement. Grade III injuries 
develop a pseudoaneurysm 
and should be covered with a 
stent graft to avoid rupture. 
Grade IV injuries have frank 
rupture of the aorta and 
require emergency surgery       
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[ 18 ,  19 ]. CTA is highly sensitive (95–100 %) with 
a negative predictive value approaching 100 % for 
TAI [ 18 ,  20 – 22 ]. False- positive studies, however, 
are possible [ 23 ,  24 ]. While CTA is the diagnos-
tic modality of choice, patients with equivocal 
studies can undergo  traditional angiogram and 

intravascular  ultrasound (IVUS). If additional 
imaging is required after an equivocal CTA, we 
have found that IVUS is more sensitive than angi-
ography. Therefore, we advocate the use of IVUS 
in suspected TAI patients for whom angiography 
is being considered (Fig.  13.5 ) [ 25 ].

Grade I Grade II Grade III Grade IV

  Fig. 13.4    CTA images of patients with grade I–IV traumatic aortic injuries       

   Table 13.1    Stigmata of aortic injury on clinical 
examination   

 Symptoms  Signs 

 Chest pain a   Unexplained hypotension 
 Dyspnea  Upper limb hypertension b  
 Cough  Decreased lower limb pulses c  
 Dysphagia  Systolic murmur d  
 Hoarseness e   Anterior chest wall contusion 
 Hemoptysis f   Sternal or thoracic spine fractures 

 Expanding hematoma at the thoracic 
outlet 

   a Most commonly recorded symptom [ 38 ] 
  b Acute coarctation syndrome 
  c With normal upper limb pulses and differences in pulse 
amplitude (Acute coarctation syndrome) 
  d Audible over base of heart or between the scapulae 
  e Hoarseness results from compression of the left recurrent 
laryngeal nerve by an aneurysm 
  f Impending aneurysm rupture into a bronchus may be 
preceded by hemoptysis with or without associated 
hemothorax  

   Table 13.2    Stigmata of aortic injury on plain chest 
radiography   

 Widened mediastinum 
 Abnormal aortic outline 
 Loss of the aortopulmonary window 
 Depression of the left mainstem bronchus 
(more than 140° from trachea) 
 Lateral deviation of trachea to the right of midline 
 Lateral deviation of nasogastric tube to the right of 
midline 
 Widened right paratracheal stripe 
 First and second rib fractures 
 Sternal fracture 
 Multiple rib fractures with a crushed chest 
 Large hemothorax 
 Left apical cap (hematoma) 
 Clavicular fracture a  
 Anterior displacement of trachea (lateral radiograph) 

   a In the context of a high energy injury or multisystem 
trauma  
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13.6         Management 

 The initial management of patients with TAI 
should be to initiate the advanced trauma life sup-
port (ATLS) guidelines, including an assessment 
of the airway, breathing, circulation, disability, and 
exposure. Immediate management of life-threat-
ening injuries should be the focus. Permissive 
hypotension should be the norm to avoid exac-
erbating major vascular injuries, and elevations 
in blood pressure should be avoided to minimize 
the risk of vascular rupture. Specifi cally, a mean 
 arterial pressure below 80 mmHg should be the 
target [ 26 ]. There should be an appropriate bal-
ance between permissive hypotension and main-
taining a satisfactory cerebral perfusion pressure. 
The patient’s overall hemodynamic status dictates 
the management strategy. Hemodynamically 
unstable patients should be managed in the oper-
ating room, especially those with major concur-
rent trauma. Patients with high-volume chest 

tube drainage (i.e., more than 1,500 mL or a rate 
greater than 250 mL/h for 4 h) should also be 
managed in the operating room [ 27 ]. 

13.6.1     Medical Management 

 Patients with grade I TAI can be treated medi-
cally. Decreasing the intra-aortic shear force by 
decreasing blood pressure can be achieved using 
beta-blockers and other antihypertensive agents. 
Use of a nicardipine and esmolol drip should be 
initiated in patients who do not promptly respond 
to oral or intermittent intravenous therapy to 
decrease their heart rate below 100 beats per 
minute and blood pressure below 100 mmHg. 
Replacement of the drips with an oral regimen 
should be instituted over a period of days. New 
symptoms, continuing pain, or progression of 
injury on a CT scan are indications for operative 
intervention [ 28 ].  

  Fig. 13.5    Intravascular ultrasound in a patient with a grade III traumatic aortic injury. The pseudoaneurysm can be 
seen in the 4 o’clock position       
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13.6.2     Delayed Surgical 
Management 

 Delayed repair (>24 h) may be suitable for 
selected patients with grade 2 or 3 injuries who 
have concurrent severe trauma [ 29 ,  30 ]. For 
example, patients with severe closed head inju-
ries, severe sepsis, or major multisystem trauma 
may require more immediate management of 
life-threatening injuries prior to treatment of TAI. 
Strict blood pressure control is necessary, and 
some delay in operative management may 
improve physiologic optimization without com-
promising overall care [ 27 ,  31 ].  

13.6.3     Operative Management 

13.6.3.1     Open Repair 
 Open repair commences following general 
anesthesia via a double-lumen endotracheal 
tube. Aortic perfusion distal to the arch is 
achieved using a Bio-Medicus (Minneapolis, 
MN) pump with an inline heat exchanger. This 
is used with outfl ow cannulation from the left 
inferior pulmonary vein to either the distal 
descending aorta or left common femoral artery. 
An alternative strategy includes cannulating the 
left atrium or superior pulmonary vein, depend-
ing on what structure is most accessible. The 
patient is therapeutically heparinized and the 
aorta cross-clamped proximal to the LSA in 
cases of TAI to the isthmus. An alternative 
approach to therapeutic heparinization is to use 
a Carmeda®-coated circuit, in which only 5,000 
units of heparin need to be administered. A lon-
gitudinal incision is made to visualize the tear, 
and hemostasis achieved. Transverse incisions 
can also be utilized to divide the aorta, which 
permits inspection and debridement of the ends 
of the aorta. The site of injury is bypassed using 
a woven Dacron tube graft, which is sewn in 
place with a running 4–0 pledgeted polypropyl-
ene suture at both the proximal and distal anas-
tomosis. Protamine is given to reverse the 
heparin and the patient transported to the inten-
sive care unit (ICU) [ 15 ].  

13.6.3.2     Endovascular Repair 
 Following induction of general anesthesia, endo-
vascular repair is performed in an operating room 
equipped with imaging technology. The abdomen 
and bilateral groins are prepped. A diagnostic 
arch aortogram is performed through percutane-
ous femoral artery access. The cerebrovascular 
anatomy is evaluated, especially if LSA cover-
age is required. The patient is anticoagulated with 
intravenous heparin, but at a lower dose (0.5 mg/
kg) than the weight-based protocol. A thoracic 
stent graft is selected according to the manufac-
turer’s instructions for use and based on cross-
sectional measurements of the aorta. The device is 
delivered via open or percutaneous femoral artery 
access. Once deployed, a completion aortogram 
is performed to ensure satisfactory placement and 
ensure that there are no endoleaks (Table  13.3 ). 
Selective balloon angioplasty can be performed as 
necessary if there is concern about graft apposi-
tion. The heparin is reversed with protamine. The 
patient is then transferred to the trauma ICU.

13.6.3.3        Subclavian Artery Coverage 
 The LSA can be covered with the stent graft if 
necessary to achieve a proximal seal. LSA revas-
cularization using a left carotid to subclavian 
bypass or subclavian transposition can be per-
formed selectively. Indications for LSA revas-
cularization are listed in Table  13.4 . Posterior 
cerebral and cerebellar ischemia can occur in 
patients with a posterior inferior cerebellar artery 
(PICA) syndrome in which an aberrant vertebral 
artery terminates directly into the PICA instead 
of the basilar artery. Coverage of a left internal 
mammary artery that was used as part of a coro-
nary artery bypass graft (CABG) should also be 

   Table 13.3    Types of endoleaks   

 I. Incomplete seal at either side of the stent graft 
 II.  Blood accumulation in the excluded segment as a 

result of back bleeding from branches covered by 
the stent graft 

 III. Blood leakage between overlapping stent grafts 
 IV.  Blood leakage due porosity of graft material leads 

to leakage. This was seen mainly in early stent 
grafts and rarely seen nowadays 
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avoided. In emergent situations, LSA revascular-
ization can be delayed unless an absolute indica-
tion for revascularization is present.

13.7          Postoperative Management 

 Close monitoring of the patient following the 
procedure and appropriate management of their 
concomitant injuries is necessary. Most patients 
with TEVAR can be discharged within 3–7 days, 
assuming their other injuries do not require fur-
ther management. As long-term data (i.e., greater 
than 10 years) is unavailable, our midterm results 
indicate that endovascular repair remains durable 
up to 7 years. Follow-up surveillance should be 
completed by clinical examination and CT imag-
ing at 1 month, 6 months, and then annually.  

13.8     Complications 

 In comparison to open repair, TEVAR is associ-
ated with a lower rate of death, paraplegia, renal 
failure, transfusion requirement, reoperation, 
myocardial infarction, respiratory failure, and 
overall length of stay when controlled for ISS and 
age [ 32 ]. Specifi c risks associated with endovas-
cular repair include device malfunction, migra-
tion of the stent graft, endoleak, aortic dissection, 
and trauma to the access vessels. Device collapse 
has been reported in TAI patients who undergo 

TEVAR. According to a recent study, 65 % of 
patients who experienced device collapse had 
undergone TEVAR for TAI [ 31 ]. A tight aortic 
curvature and excessive device oversizing were 
among the most commonly reported risk factors.  

13.9     Outcomes 

 In a recent systematic review of the literature 
involving 7,768 patients from 139 studies, Murad 
et al. reported a signifi cantly higher mortality rate 
for nonoperative management and open repair 
compared to TEVAR (nonoperative 46 %, odds 
ratio [OR] 19 %, and TEVAR 9 %;  P  < 0.01) [ 33 ]. 
TEVAR was associated with a lower mortality 
(RR 0.61; 95 % CI 0.46–0.80), spinal cord isch-
emia (RR 0.34; 95 % CI 0.16–0.74), end-stage 
renal disease, and systemic and graft infections 
as compared to open repair. However, there were 
increased secondary interventions for device- 
related complications in the TEVAR group. 

 In a review of our 15-year experience with 338 
patients with TAI, we found that the in- hospital 
mortality for all patients arriving with TAI was 
41 % (139/338) [ 9 ]. Early mortality for those 
who underwent aortic intervention was 17 % 
(27/175). Hospital mortality for patients with 
TAI who did not undergo aortic intervention was 
69 % (112/163). TEVAR was associated with 
a 4 % (3/69) mortality, which was signifi cantly 
less than open repair with clamp-and-sew tech-
nique (31 %, 9/29) ( P  = 0.002). In comparison, 
the mortality for patients who underwent open 
repair using distal aortic perfusion was 14 % 
(11/77). In the patients who underwent operative 
intervention, a mortality reduction of 3.0 % per 
year ( P  < 0.001) over the course of the study was 
observed. Mean follow-up for patients undergo-
ing TEVAR was 2.5 years with 1- and 5-year sur-
vival of 92 and 87 %, respectively. 

 We have also investigated the cost of TEVAR 
compared to open repair for TAI [ 15 ]. The adjusted 
mean fi xed, variable, and total costs of the two treat-
ment modalities were compared. We found that 
while the variable costs were signifi cantly higher 
for TEVAR compared to open repair, the fi xed and 
total costs were not signifi cantly different. 

   Table 13.4    Indications for left subclavian artery 
revascularization   

 Preoperative 
  Left internal mammary artery bypass graft 
  Left vertebral arising from the arch 
  Dominant left vertebral in comparison to the right 
   Left vertebral terminating in the posterior inferior 

cerebellar artery 
  Stenotic or occluded right vertebral artery 
   Spinal protection (in patients who are at high risk for 

paraplegia) 
  Left upper extremity hemodialysis access 
 Postoperative 
  Left upper extremity claudication 
  Vertebrobasilar insuffi ciency 
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13.9.1     Special Cases 

13.9.1.1     Ascending Aorta and Arch 
 Trauma affecting the ascending aorta and arch 
is uncommon, and the vast majority of affl icted 
patients die at the scene. Repair progresses via a 
median sternotomy and cardiopulmonary bypass 
with deep hypothermic circulatory arrest, fol-
lowed by placement of an interposition graft. 
Replacement of the root may be required in rare 
circumstances (Table  13.5 ) [ 9 ,  34 – 36 ].

13.9.1.2        Innominate Artery 
 Trauma to the innominate artery can be repaired 
following median sternotomy with right cervical 
extension to obtain satisfactory proximal and 
 distal control. As trauma commonly affects the 
base of the innominate artery, repair is best com-
pleted through placement of a woven Dacron 
graft bypass from the ascending aorta to the 
bifurcation of the innominate [ 37 ,  38 ].  

13.9.1.3     Left Common Carotid Artery 
 Trauma to the left common carotid artery can be 
approached via a median sternotomy with left 
cervical extension, with a bypass graft from the 
arch or subclavian artery to a location distal to 
the site of injury on the carotid artery [ 27 ,  39 ]. 
However, endovascular techniques are increas-
ingly utilized with placement of a covered stent 
to avoid the morbidity associated with a median 
sternotomy [ 40 – 42 ]. Routine surveillance and 
use of antiplatelet agents (i.e., aspirin and clopi-
dogrel) is recommended to reduce the risk of 
 in- stent thrombosis [ 43 ,  44 ].  

13.9.1.4     Subclavian Arteries 
 Trauma to the subclavian arteries is typically sec-
ondary to penetrating trauma, and management 
should be dictated by preoperative imaging 
whenever possible to help optimize surgical plan-
ning. Injury to the right subclavian artery may 
require a “mini” median sternotomy with right 
cervical extension, or simply an infraclavicular 
incision. A left anterior thoracotomy or left infra-
clavicular incision may be completed to isolate 
the LSA. A supraclavicular incision can also be 
made to achieve distal exposure. 

 Endovascular management of subclavian 
artery trauma can be completed, even with tran-
section of these vessels [ 40 ,  45 ,  46 ]. Placement 
of a covered stent graft can be accomplished 
in most patients using a variety of endovascu-
lar techniques. In cases of complete transection 
and nonunion, the use of a snare technique and 
extra-anatomic endovascular coverage can be 
completed.  

13.9.1.5     Contaminated Fields 
 Penetrating or blunt trauma may occasionally lead 
to concomitant esophageal injury or gross con-
tamination from the environment. Management 
of these injuries follows the same principles of 
damage control laparotomy: stabilization of the 
patient is the fi rst priority. The preferred option 
is to achieve hemostasis, repair any esophageal 
or tracheal injuries, and decontaminate the sur-
rounding region with infection control strategies, 
such as aggressive debridement and wide drain-
age. Emergency prosthetic graft placement may 
be necessary even in contaminated fi elds. If the 

   Table 13.5    Recommended incisions for suspected aortic 
and branch vessel injury   

 Injured segment  Recommended incision 

 Uncertain injury 
(hemodynamically 
unstable) 

 Left anterolateral 
thoracotomy 
 ± Transverse sternotomy 
 ± Right anterolateral 
thoracotomy (clamshell) 

 Ascending aorta  Median sternotomy 
 Transverse aortic arch  Median sternotomy 

 ± Neck extension 
 Descending thoracic aorta  Left posterolateral 

thoracotomy (fourth 
intercostal space) 

 Innominate artery  Median sternotomy with 
right cervical extension 

 Left common carotid 
artery 

 Median sternotomy with 
left cervical extension 

 Left subclavian artery  Left anterolateral 
thoracotomy (third or 
fourth intercostal space) 
with separate left 
supraclavicular 
incision ± connecting 
vertical sternotomy 
(“book” thoracotomy) 

  Adapted from Mattox [ 27 ]  
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patient survives the trauma, excision of the graft 
and autogenous or extra- anatomic bypass can be 
completed electively. Morbidity and mortality 
remain very high.    

13.10     Controversies 

 There are several controversies associated with 
TAI. While stable patients should undergo 
urgent repair due to the risk of rupture, delayed 
management (>24 hours) is acceptable in 
patients with more severe injuries who require 
more immediate attention. Medical manage-
ment with strict blood pressure control and 
follow up imaging in 6 weeks is suitable for 
patients with grade I injuries. TEVAR is the 
treatment of choice for all anatomically suit-
able candidates for TAI, regardless of age. 
Long-term results on the durability of endovas-
cular repair remain to be determined. Selective 
revascularization of the LSA is recommended 
unless absolute indications exist. Systemic hep-
arinization, albeit at a lower dose compared to 
open repair, is permissible for TEVAR. Routine 
spinal drainage is not routinely necessary fol-
lowing open repair of an aortic disruption, as 
only a limited portion of the aorta is replaced. 
Routine spinal drainage may be necessary if 
extensive stent grafting is expected [ 9 ].  

    Conclusion 

 Considerable progress has been made over 
the last two decades in the diagnosis and 
management of TAI. The current body of 
evidence supports the preferential use of 
endovascular repair compared to open sur-
gery for all anatomically suitable candidates. 
Meticulous preoperative planning can help 
avoid many of the reported complications. 
The short- and midterm outcomes of TEVAR 
appear very favorable, but the long- term 
durability of the current devices is unknown. 
Continued improvements in imaging and 
device technology will expand the treatment 
options available. Adherence to the follow-
up imaging is necessary to detect long-term 
complications.     
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14.1            Introduction 

 Injuries to the subclavian artery and vein occur 
infrequently. These vessels are well protected by 
an extensive bony skeleton. When these injuries 
do occur, they have a high mortality due to their 
diffi cult surgical exposure. Most surgeons see 
only a small number of such injuries in their 
career. Limited clinical experience combined 
with diffi cult exposure makes these injuries chal-
lenging. A surgeon must have a thorough under-
standing of the surrounding anatomy and a 
well-thought-out plan for exposure to give the 
patient the best chance at survival. A surgeon 
familiar with endovascular techniques, imaging, 
and how to combine open and catheter-based 
options is better prepared to manage these cases.  

14.2     Epidemiology 

 Men in their 20s are the most common group of 
patients to suffer subclavian vessel injury. Most 
subclavian artery and vein injuries are caused by 
penetrating trauma. The top three mechanisms of 
penetrating injury are gunshots, stabs, and shot-
gun wounds. Most of these victims will die before 
reaching the hospital. While gunshot wounds are 
most common, shotgun injuries have the highest 
mortality. Most of the patients that arrive alive 
with these injuries will have an isolated subcla-
vian artery or vein injury, but there is injury to 
both vessels in 25 % of cases [ 1 – 3 ]. Brachial 
plexus injuries are found in about one-third of 
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patients with penetrating trauma to the subcla-
vian vessels. A few patients will have a simulta-
neous intra-abdominal source of hemorrhage 
requiring an exploratory laparotomy. Blunt 
trauma to the subclavian vessels is less common. 
When it occurs, it is usually from a clavicle frac-
ture or a stretch injury such as falling from a 
motorcycle or great height [ 1 – 3 ].  

14.3     Anatomy 

 The subclavian artery is divided into three indi-
vidual segments based on its relation to the ante-
rior scalene muscle (Fig.  14.1 ). The fi rst segment 
of the subclavian artery is medial to the anterior 
scalene muscle and typically gives rise to three 
signifi cant vessels: the vertebral artery, the inter-
nal mammary artery, and the thyrocervical trunk. 
The second segment lies deep to the anterior sca-
lene and typically gives rise to the costocervical 
trunk. The third segment is lateral to the anterior 

scalene muscle and gives origin to the dorsal 
scapular artery. The subclavian artery becomes 
the axillary artery at the medial border of the pec-
toralis minor muscle. From a surgical standpoint, 
the right and left subclavian arteries are exposed 
differently depending on the location of injury 
with respect to the vertebral artery. The arch of 
the aorta does not curve from right to left as 
depicted in many texts. Instead, the arch curves 
from anterior to posterior (Fig.  14.2 ). This is 
important when a surgeon needs to access the 
distal left subclavian artery. Its posterior location 
makes it most accessible through a thoracotomy 
and very diffi cult to expose or control via median 
sternotomy.

    The subclavian vein is the continuation of 
the axillary vein that arises from the cephalic, 
brachial, and basilic veins of the arm 
(Fig.  14.3 ). The cephalic vein traverses the 
 lateral side of the arm from the hand to the 
shoulder. The basilic vein traverses the medial 
side of the arm. The brachial or deep vein of 

  Fig. 14.1    Divisions of the 
subclavian artery and its key 
branches. The fi rst segment 
of the subclavian artery is 
medial to the anterior scalene 
muscle and typically gives 
rise to three signifi cant 
vessels: the vertebral artery, 
the internal mammary artery, 
and the thyrocervical trunk. 
The second segment lies 
deep to the anterior scalene 
and typically gives rise to the 
costocervical trunk. The third 
segment is lateral to the 
anterior scalene muscle and 
gives origin to the dorsal 
scapular artery. The 
subclavian artery becomes 
the axillary artery at the 
medial border of the 
pectoralis minor muscle       

 

K.S. Pharaon and M.A. Schreiber



171

the arm joins the basilic vein to become the 
axillary vein. In the shoulder, the cephalic vein 
pierces the deltopectoral fascia and empties 
into the axillary vein. After the cephalic vein 
joins the axillary vein, it becomes the subcla-
vian vein. The subclavian vein extends from 
the outer border of the fi rst rib to the medial 
border of the anterior scalene muscle. Here, the 
internal jugular vein joins the subclavian vein, 

and it is now referred to as the brachiocephalic 
vein. Once the brachiocephalic vein joins its 
counterpart from the other side, it becomes the 
superior vena cava. The subclavian vein lies 
anterior to the anterior scalene muscle. The 
subclavian artery lies posterior to the anterior 
scalene muscle. Hence, the anterior scalene 
muscle is sandwiched between the subclavian 
vein and artery.

  Fig. 14.2    Lateral view of 
the aorta. The arch of the 
aorta does not curve from 
right to left as depicted in 
many texts. Instead, the arch 
curves from anterior to 
posterior       

Internal jugular vein

External jugular vein

Brachiocephalic vein

Superior vena cava

Subclavian vein

Axillary vein

Brachial vein Basilic vein

Cephalic vein

  Fig. 14.3    Major veins of the 
head, neck, and upper 
extremity       
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14.4        Clinical Assessment 

 The initial assessment and management should 
follow standard Advanced Trauma Life Support 
(ATLS) protocols. After determining that the 
patient has an adequate airway, the next priority 
is assessment of labored breathing and adequate 
breath sounds. Air bubbling through a wound and 
subcutaneous emphysema may indicate a pneu-
mothorax. A thorough pulse exam should be per-
formed to assess circulation. The absence of a 
pulse does not necessarily mean that there is an 
arterial injury, and the presence of a pulse does 
not necessarily mean that there is no injury. 
Nonetheless, the presence or absence of a pulse 
upon admission should be documented. 

 A focused neurologic exam should be 
obtained, with particular attention to neurologic 
compromise of the ipsilateral upper extremity. 
Because of the close anatomical relationship of 
the neurovascular structures, the brachial plexus 
is injured in about one-third of patients with sub-
clavian vessel injury. Therefore the axillary, 
median, radial, ulnar, and musculocutaneous 
nerve exams should be documented. Plexus inju-
ries can be caused by penetrating injuries that 
directly transect nerve roots or by blunt injuries 
that result in shear or traction forces [ 1 – 3 ].  

14.5     Initial Management 

 Once the exam is complete, the critical decision 
point in a patient with a suspected subclavian 
vessel injury is determining if the patient is stable 
or unstable. Hemodynamically unstable patients 
are transported to the operating room without 
delay, and those in extremis require an immediate 
anterolateral ED thoracotomy. 

 The second most important management deci-
sion is to ensure adequate intravenous access. 
Intravenous (IV) lines should be inserted on the 
contralateral side of the injury; as infused fl uids via 
an ipsilateral IV will extravasate from the wound. 
These patients are at high risk of a massive transfu-
sion, and the blood bank should be notifi ed of such. 

 The most common physical fi nding indicative 
of vascular injury is hematoma formation. Direct 
pressure should be applied to help control 

 bleeding. Some injuries behind the clavicle will 
not benefi t from direct pressure. A commonly 
described technique of balloon tamponade with a 
Foley catheter inserted into the missile tract is 
often ineffective. Remember the pulse exam is an 
insensitive sign of subclavian artery injury. 
Collateral circulation around the shoulder may 
result in a normal pulse when in fact there is an 
injury to the artery.  

14.6     Diagnostic Testing 

 Bilateral upper extremity blood pressures should 
be recorded in all patients with suspected upper 
extremity vascular injury. A difference of more 
than 5–10 mmHg should prompt a more thor-
ough evaluation of possible injury sites. A chest 
x-ray should be obtained. Stable patients with 
suspected upper extremity vascular injury should 
undergo computed tomographic angiography 
(CTA) of the neck, chest, and upper extremity. 
CTA can be invaluable for identifying the loca-
tion of injury as well as evaluating the mediasti-
nal vascular and nonvascular structures.  

14.7     Endovascular and Operative 
Management 

 After a diagnostic work-up on a stable patient, 
the next step is a therapeutic intervention. This 
can be pursued in an open or endovascular fash-
ion. Many hospitals are building hybrid operating 
rooms that allow open or endoluminal manage-
ment, thus allowing the surgeon to bring a trauma 
patient directly to the operating theater for diag-
nostic work-up, endovascular repair, endovascu-
lar adjunctive care, or an open operation. 

 Endovascular options, including balloon tam-
ponade and stent grafting via percutaneous access 
or in conjunction with open surgical repair, can 
be life and limb saving. Arterial access is com-
monly approached percutaneously through the 
femoral artery, though percutaneous or open bra-
chial approaches can also be utilized and are 
sometimes necessary in conjunction with the 
femoral access. Once guide wire traversal through 
the area of injury has been achieved, a covered 
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stent graft upsized by roughly 10 % of the diam-
eter of adjacent healthy vessel is deployed. 
Lesions that appear diffi cult to traverse are some-
times accessed through the brachial vessels 
because this provides a direct, shorter, less tortu-
ous approach. Pseudoaneurysm, arteriovenous 
fi stula, arterial intimal fl ap, and lacerations of 
subclavian vessels have all been treated with 
endovascular repairs. Endovascular covered stent 
placement in the appropriate patient eliminates 
the acute need for surgical dissection, anterolat-
eral thoracotomy, decreasing the risk for injuring 
structures such as the vagus nerve, recurrent 
laryngeal nerve, phrenic nerve, and innominate 
vein. Careful patient selection is necessary, and 
only focal lesions that can safely be traversed 
with a guide wire can be approached in this fash-
ion. Contraindications to endovascular repair 
include a hemodynamically unstable patient, 
long segmental arterial injury, and insuffi cient 
proximal or distal fi xation points. Some patients 
will have an arteriogram that demonstrates a con-
traindication to an endovascular repair and will 
require an open operation, in which case proxi-
mal balloon occlusion can be useful [ 4 – 7 ]. 

 For patients that do require an open surgical 
approach, the surgeon should be able to respond 
quickly with a systematic approach in mind for 

exposure. The right and left subclavian arteries 
are exposed via different incisions and patient 
positioning depending on the location of injury 
with respect to the vertebral artery. For right- 
sided injury distal to the vertebral artery, the pre-
ferred method is to start with a right 
supraclavicular incision. This incision starts at 
the sternoclavicular junction and extends over the 
length of the clavicle (Fig.  14.4 ). Should addi-
tional exposure be needed, such as those with 
injury proximal to the vertebral, median sternot-
omy is performed utilizing a Lebsche knife or 
sternal saw (Fig.  14.5 ). The dissection and expo-
sure of the right subclavian artery begins fi rst by 
dissecting and removing the underlying scalene 
fat pad. Once it is removed, the phrenic nerve 
must be identifi ed. This is a key anatomical land-
mark that must be preserved. The nerve courses 
lateral to medial along the anterior scalene mus-
cle. The nerve can be isolated with a vessel loop 
and gently retracted out of the way. The anterior 
scalene muscle should be cut as low as possible, 
and the subclavian artery will be found behind it.

    The choice of surgical incision for left-sided 
injury is more diffi cult due to the orientation of 
the aorta and the very posterior origin of the left 
subclavian artery. There are three ways to expose 
the left subclavian artery – a  supraclavicular 

a b

  Fig. 14.4    ( a ) Clavicular incision for accessing the 
innominate, common carotid, and subclavian arteries. ( b ) 
Median sternotomy extension for more proximal access. 

This incision starts at the sternoclavicular junction and 
extends over the length of the clavicle       
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incision with clavicle resection, a left antero-
lateral thoracotomy, and a sternoclavicular fl ap 
(trapdoor). The supraclavicular incision is made 
one fi ngerbreadth above and parallel to the clav-
icle extending from the sternal notch to the lat-
eral end of the clavicle (Fig.  14.6 ). Cautery is 
used to score the clavicle, a periosteal elevator 
is used to peel the periosteum off the clavicle 
in a circumferential fashion, and the clavicle is 
divided in the middle with bone cutters. Once the 
clavicle is cut, it can be grabbed with a towel 

clip and removed from its bed. The clavicle is 
then removed from the sternum. The clavicle 
can be resected with surprisingly little disability 
and deformity. The clavicle does not need recon-
struction with orthopedic plating. Dissection of 
the left subclavian artery commences similar to 
as described above for the right. A supraclavicu-
lar incision is adequate if the injury is distal to 
the vertebral [ 8 – 10 ].

   When a supraclavicular incision is inadequate, 
such as those with injury of the left subclavian 

  Fig. 14.6    Supraclavicular 
incision used for accessing 
the left subclavian artery. 
The supraclavicular incision 
is made one fi ngerbreadth 
above and parallel to the 
clavicle extending from the 
sternal notch to the lateral 
end of the clavicle       

  Fig. 14.5    Lebsche knife 
used for completing a 
median sternotomy       
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artery proximal to the vertebral, an anterolateral 
thoracotomy is used. An anterolateral thoracot-
omy through the third intercostal space will pro-
vide access to the origin of the subclavian. 
Technically speaking, the incision that gives the 
best ability to obtain proximal and distal control 
of the left subclavian artery is through the chest 
using a posterolateral thoracotomy with the 
patient in the right lateral decubitus position. 
However, given that the patient will be supine on 
the operation room table to allow access to any 
possible injury, an anterolateral thoracotomy is a 
more practical approach. The preferred sequence 
of steps to obtain control of the left subclavian 
artery in an injury that has not been preopera-
tively identifi ed is to begin with a supraclavicular 
incision and quickly move to a thoracotomy if the 
necessary exposure is not obtained. If exposure is 
still inadequate, as a last resort, the supraclavicu-
lar and thoracotomy incisions can be connected 
with a median sternotomy, completing the trap-
door (Figs.  14.7  and  14.8 ) [ 8 – 12 ].

    Once the vessel is exposed and the injury 
defi ned, proximal and distal control of the vessel 
is required. A small laceration in the artery may 
be repaired primarily, but usually the injury 
requires an interposition graft. Attempting to 
mobilize the soft and friable subclavian artery to 
gain enough length for an end-to-end repair is 
rarely successful. Therefore the majority of sub-
clavian artery injuries and especially for exten-
sive injuries, an interposition graft should be 
performed using vein or polytetrafl uoroethylene 
(PTFE). Vein is preferred, particularly in an 
infected fi eld, but if the patient is unstable and 
time does not permit vein harvest, then PTFE is 
acceptable. A proximal and distal Fogarty bal-
loon thrombectomy is performed, and the artery 
is repaired with the interposition conduit using 4 
or 5-0 monofi lament suture. A completion angio-
gram should be performed. 

 For subclavian vein injuries, thrombosis often 
results due to the low-pressure venous system. 
Venous injuries are only repaired if the patient 

  Fig. 14.7    Clavicular 
incision and anterior left 
thoracotomy incision. The 
preferred sequence of steps 
to obtain control of the left 
subclavian artery in an injury 
that has not been preopera-
tively identifi ed is to begin 
with a supraclavicular 
incision and quickly move to 
a thoracotomy if the 
necessary exposure is not 
obtained       
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remains stable, and the repair can be performed 
without producing stenosis or requiring an inter-
position graft. If this is not possible, the vein 
should be ligated. Besides transient edema, no 
signifi cant long-term complications result from 
venous ligation. 

 Although subclavian artery injuries should ide-
ally be repaired if possible, some patients will be 
too unstable and require damage control surgery 
for life salvage. For these patients in extremis, 
the subclavian artery can be ligated. This can be 
tolerated if ligation occurs proximal to the verte-
bral artery ostia because of retrograde fl ow to the 
extremity through the vertebral and  collateral cir-
culation of the shoulder. If the subclavian artery 
is ligated distal to the vertebral artery, the viabil-
ity of the extremity becomes questionable. If any 
portion of the subclavian artery is ligated, a fasci-
otomy should be considered. The role, however, 
of prophylactic fasciotomy remains controversial. 
Routine prophylactic fasciotomy is generally not 
preferred, as it may be not necessary in many 
patients and can be associated with signifi cant mor-
bidity and prolonged hospital stay. Close observa-
tion and fasciotomy when needed is the preferred 
approach. Another option in the unstable patient is 

to place a temporary arterial shunt and defer defi ni-
tive repair until the patient has been stabilized.  

14.8     Postoperative Management 

 Patients status post-subclavian artery repair and 
especially with concomitant vein ligation should 
be managed postoperatively in an intensive care 
setting. The patient should have frequent (every 
1–2 h) neurovascular checks for the fi rst 24 h. 
Pulmonary toilet with use of incentive spirometry 
and chest physiotherapy is started on the fi rst 
postoperative day. Pain control is often given by 
use of patient controlled analgesia. Early throm-
boembolic events can occur, and duplex or CTA 
of the chest and upper extremity should be per-
formed aggressively for any acute change in 
exam. A high index of suspicion should be main-
tained for the development of compartment syn-
drome in the fi rst 24–48 h. Physical and 
occupational therapy are started in the immediate 
postoperative period for the injured extremity. 
All of these patients are started on low-dose aspi-
rin. However, there is currently no data for life-
long use in these patients as studies supporting 

a b

  Fig. 14.8    ( a ) Clavicular incision, median sternotomy, 
and thoracotomy incision. ( b ) Contents of the mediasti-
num once trapdoor fl ap is pulled back. Once the vessel is 
exposed and the injury defi ned, proximal and distal 

 control of the vessel is required. A small laceration in the 
artery may be repaired primarily, but usually the injury 
requires an interposition graft       
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lifelong use were conducted in coronary artery 
disease (CAD) patient populations.  

14.9     Complications and Pitfalls 

 The presence of a large hematoma in zone I of the 
neck after a gunshot wound increases the risk of 
laryngotracheal trauma or airway compromise 
from soft tissue edema. This type of injury may 
make endotracheal intubation diffi cult and dan-
gerous. Inability to secure the airway in such a 
patient can lead to severe respiratory compromise 
and, ultimately, cardiac arrest. Thus, the most 
qualifi ed person should make the fi rst attempt at 
intubation, and a surgeon should be ready to per-
form a cricothyroidotomy. Cervical spinal immo-
bilization with a neck collar remains a common 
practice in the prehospital setting. Spinal immo-
bilization may complicate the evaluation and 
diagnostic work-up. Its application in the pres-
ence of a large or expanding hematoma may 
increase the risk of respiratory obstruction. For 
this reason, spinal immobilization is not recom-
mended for penetrating trauma to the neck and 
chest. The risks outweigh the benefi ts unless the 
patient has neurologic evidence of spinal cord 
injury or radiographic evidence of potentially 
unstable bony injury. 

 A normal heart rate and blood pressure does 
not assure the absence of shock, as early shock 
may not be associated with abnormalities in vital 
signs. All potential subclavian vessel injuries 
should be treated as surgical emergencies. 
Bleeding from vessels behind the clavicle is dif-
fi cult to control with direct pressure. Digital com-
pression through the hole with a gloved fi nger 
can be attempted, but balloon tamponade using a 
Foley into the missile tract and blind clamping of 
bleeding vessels should be avoided. The risk of 
further vascular or nerve damage is very high. 

 Failure to accurately document the patient’s 
neurologic exam on admission and postopera-
tively will compromise the surgeon’s ability to 
detect and/or correct potential compartment syn-
drome. The patient’s neurologic exam should be 
accurately documented on initial presentation 
and serially checked after interventions. Many 

patients will present to the hospital manifesting a 
permanent neurologic defi cit from a brachial 
plexus injury, while others may develop defi cits 
from the surgical intervention or onset of com-
partment syndrome. 

 Covered stents placed in the subclavian artery 
near the thoracic outlet maybe subject to com-
pression between the fi rst rib and the clavicle and 
thus need close follow-up for possible stenosis or 
thrombosis. Other potential disadvantages of 
endovascular repair are early thromboembolic 
events, late stenosis, and infected grafts, which is 
why many times these techniques are considered 
a bridging therapy. Vascular reconstruction at a 
later point with carotid-subclavian bypass may 
be performed in a more elective fashion as 
 necessary for increased patency and durability. 
Long- term follow-up is necessary to identify 
those patients that develop stenosis; however, 
patient compliance with respect to follow-up is 
generally poor. 

 For those that undergo an open operation, 
exposure of the subclavian artery and vein allows 
assessment of associated injuries but also places 
uninjured anatomy at risk. If during an operation 
a transected trunk of the brachial plexus is dis-
covered, the nerve should be repaired by a con-
sulting hand or plastic surgery team versus tagged 
with a suture for subsequent repair at reex-
ploration. Phrenic nerve injury may be repaired 
but usually leads to ipsilateral hemidiaphragm 
paralysis. An injured thoracic duct should be 
ligated. 

 Ligation of the subclavian vein will lead to 
transient edema of the arm, but often there are no 
long-term complications. Resection of the 
medial half of the clavicle does not result in 
functional disability. Reconstruction is an option 
for cosmesis as opposed to function. There is the 
rare patient with a subclavian artery injury who 
presents in extremis with a poor anastomotic 
network of collaterals around the shoulder that 
may be at risk for amputation. Criticisms of the 
trapdoor approach are prolonged time to make 
the incision, division of thick muscles which 
often leads to bleeding, severe postoperative pain 
due to iatrogenic rib fractures, high incidence of 
postoperative respiratory  complications, and 
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 diffi culty in wound closure. Sternal wound infec-
tion is rare but can be a devastating complication 
after sternotomy. Infection can lead to sternal 
dehiscence. Early detection and treatment are 
fundamental to successful treatment of sternal 
wound infections. Pectoralis major muscle fl aps 
are often used for coverage and have decreased 
the hospital stay and mortality associated with 
sternal wound infections, but these procedures 
generally require a plastic surgery consult for 
assistance.  

14.10     Outcomes 

 The most frequent cause of subclavian vessel 
injury is penetrating trauma. Blunt trauma 
accounts for only 2–3 % of all subclavian artery 
injuries in the largest published series [ 1 – 3 ]. 
Mortality rate of surgical series ranged from 5 to 
30 %. Fifty percent of subclavian vessel injuries 
are amendable to an endovascular approach [ 13 ]. 
Different stents were used in published series: 
balloon expandable, self-expanding, covered 
with a Dacron graft, or with PTFE. To date, no 
signifi cant differences in patency and outcome 
have been reported. Short-term and midterm 
results of endovascular repair are encouraging 
with low restenosis and low occlusion rates. 
Long-term durability has not been established. 
Subclavian vessel injuries occur infrequently, 
and it is unlikely that a prospective randomized 
trial with a suffi cient number of patients will be 
conducted comparing the endovascular and open 
approaches.  

    Conclusion 

 Injury to the subclavian vessels is a rare occur-
rence but one that a surgeon must be prepared 
for before the patient arrives in the emergency 
department. Detailed knowledge of the anat-
omy is critical for the complex surgical expo-
sure of the subclavian vessels. It is important 
to follow ATLS protocols. Specifi cally, secure 
an airway, establish appropriate IV access in 
the contralateral extremity, and control hem-
orrhage. Initially, the surgeon must completely 
assess and attempt to account for all other 

potential sources of blood loss prior to com-
mitting the entire focus on the vascular injury 
as the cause of shock. 

 The critical decision is determining if the 
patient can afford a more thorough diagnos-
tic work-up to plan repair versus emergent 
open exploration. Traumatic vascular injuries 
have traditionally been managed with con-
ventional open surgery but are now evolving 
to include more endovascular therapies. The 
subclavian artery may be most amendable 
and best managed with these evolving tech-
niques. Treatment will depend on available 
resources and expertise of IR, trauma and vas-
cular surgeons. In stable patients, endografts 
have led to signifi cant advances in the care of 
the injured patient and, with a few caveats, 
are the treatment of choice. In the unstable 
patient, repair of the subclavian artery can usu-
ally be performed with PTFE or autologous 
vein. Subclavian vein injury is usually treated 
with ligation. Exposure of these vessels will 
depend on the site of injury. For right-sided 
injury, a supraclavicular incision with pos-
sible median sternotomy is usually suffi cient. 
For left-sided injury, a supraclavicular inci-
sion may be adequate. The anterolateral tho-
racotomy provides more exposure, and only 
rarely is a trapdoor needed. Postoperatively, 
these patients may develop respiratory com-
plications, inadequate pain control, and acute 
thromboembolic events and should be ini-
tially monitored in an intensive care setting. 
Physical and occupational therapy are ben-
efi cial. A multidisciplinary effort is necessary 
for the successful management of these rare 
vascular injuries.     
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15.1            Anatomy/Physiology 

 Lymph tissue can be found in dermis, subdermal 
tissues, and fascia. The vessels created by lym-
phatic endothelium lack a basement membrane, 
and the highly permeable lymphatic system col-
lects protein and lipid-rich fl uid, as well as red 
blood cells, lymphocytes, and bacteria from the 
extravascular space and returns it to the venous 
system via the thoracic duct [ 1 ]. The thoracic duct 
also carries chyle from the abdomen and viscera 
back to the venous circulation. Chyle is rich in 
chylomicrons, cholesterol, triglycerides, and fat 
soluble vitamins A, D, E, and K [ 2 ] The anatomy 
of the thoracic duct varies but the most common 
variant, occurring in 50–65 % of the population, 
has the duct arising from the cisterna chyli near the 
second and third lumbar vertebrae (Fig.  15.1 ) 
[ 2 ,  3 ]. The duct enters the chest via the aortic hia-
tus on the right side where it travels cephalad 
between the aorta and the azygos vein, before 
coursing behind the aortic arch to the left chest at 
the fi fth thoracic vertebra. As the duct exits the tho-
racic outlet, it passes behind the carotid sheath 
before draining into the junction of the left subcla-
vian and jugular veins in the neck (Fig.  15.2 ) [ 3 ,  4 ].

15.2         Background/Incidence/
Epidemiology 

 Lymphatic vessels are thin and easily damaged; 
however, clinical manifestations are generally 
only seen when disruption of the major ducts 
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Lateral aortic nodes

  Fig. 15.1    Anatomical 
illustration of the origin, 
course, and termination of the 
thoracic duct (Reproduced    
with permission from 
Stranding et al. [ 20 ])       

Thoracic duct
Esophagus

Aortic arch

Vertebral
column

Subclavian
artery

  Fig. 15.2    Poirier’s triangle 
( dotted line    ) bounded by 
the left subclavian artery, 
vertebral column, and arch 
of the aorta (Reproduced 
with permission from 
Tubbs et al. [ 21 ])       
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occurs resulting in chylous pseudocysts, fi stu-
lae, or chylous effusions of the thoracic cavity 
(chylothorax), pericardium, or peritoneum 
(chylous ascites). Loss of the protein and 
immune cell rich fl uid caused by large volume 
of chyle leaks can result in malnutrition and 
immunosuppression. Without proper manage-
ment, this loss of chyle can also cause dehydra-
tion, severe electrolyte abnormalities, and 
pulmonary insuffi ciency. Prior to the develop-
ment of total parenteral nutrition (TPN) and 
surgical treatment of thoracic duct injuries mor-
tality rates for thoracic duct leaks could 
approach 50 % [ 2 ,  5 ,  6 ]. 

 Because of its location, protected by the spine, 
aorta, and mediastinum, injury to the thoracic 
duct is rare. When it does occur the most com-
mon causes of injury are iatrogenic during surgi-
cal procedures or, less commonly, due to 
traumatic injury [ 1 ,  7 ]. Iatrogenic injury to the 
thoracic duct occurs most commonly with neck 
or thoracic procedures, including central venous 
line placement, complicating between 0.37 and 
2 % of thoracic procedures and up to 1–5 % of 
esophagectomies [ 2 ,  7 – 9 ]. Traumatic thoracic 
duct injury is rare, accounting for only 3 % of 
chylothoraces, and occurring in only 0.9 % of 
cases following penetrating neck trauma [ 9 – 11 ]. 
When due to penetrating trauma, it is often found 
in conjunction with visceral or vascular injuries. 
Isolated thoracic duct injuries occur in only 
0.06 % of all penetrating neck and chest trauma 
[ 6 ]. Injury to the thoracic duct following blunt 
trauma is also very rare and is thought to be due 
most commonly to overstretching and rupture of 
the duct across the thoracic spine during hyperex-
tension or by direct laceration by broken bones or 
osteophytes [ 2 ,  7 ,  12 – 14 ].  

15.3     Clinical Assessment 

 As with all traumas, patients suspected of having 
a thoracic duct injury following blunt or penetrat-
ing trauma should be evaluated in a systematic 
fashion. Problems of airway, breathing, and cir-
culation, as well as neurological defi cits, should 
be identifi ed and treated according to Advanced 

Trauma Life Support Protocols. Those with hard 
signs of vascular or aerodigestive injury such as 
pulsatile hemorrhage, lack of distal pulses, 
expanding hematoma, or air or saliva bubbling 
through open wounds should be taken to the 
operating room immediately for appropriate sur-
gical exploration. Patients with effusions, pneu-
mothoraces, or tension physiology should have 
tube thoracostomies placed. Once associated life- 
threatening injuries have been identifi ed and 
addressed, thoracic duct injuries primarily pres-
ent in one of two ways, either through manifesta-
tion of a chylothorax or during operative 
exploration. Less commonly, chyle fi stula via the 
wound tract or chyle pseudocyst formation can 
be seen following penetrating trauma to the neck 
or chest. 

 The location of the thoracic duct injury will 
have a great deal of infl uence on how the injury 
manifests (Fig.  15.2 ). Injuries located high in the 
neck are often found with associated injuries and 
are commonly diagnosed when chyle is seen in 
the surgical fi eld during neck exploration. When 
injured in the chest, thoracic duct injuries 
 primarily manifest with chylothorax formation. 
Chylothorax presents most commonly with 
asymptomatic opacity found on chest x-ray, 
when symptoms are present they can include 
shortness of breath, chest pain, or cough. When 
injured high in the chest, most commonly within 
Poirier’s triangle, the space bounded by the left 
subclavian artery, vertebral column, and arch of 
the aorta, the injury presents with a left sided 
chylothorax [ 6 ]. Whereas injuries lower in the 
duct, below the cross over at the fi fth thoracic 
vertebra, will result in right sided chylous effu-
sions. Initial chest tube drainage may demon-
strate the classical milky white drainage; 
however, fl uid may initially be serous, serosan-
guinous, or bloody. There are several reasons for 
delay in obvious chylothorax: blood from associ-
ated injuries may mask the chyle leak, the duct 
injury may be small and chyle leakage may be 
slow requiring time to manifest clinically, and 
patients may be in a fasting state causing the 
chyle to be more serous in appearance. Typically 
chylothorax will manifest within 1–7 days of the 
initial injury [ 2 ,  6 ].  
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15.4     Diagnostic Testing 

 If there is concern for thoracic duct injury due to 
milky drainage from a thoracostomy tube, there 
are several options to confi rm the presence of 
chyle. First, the fl uid can be sent for triglyceride 
levels, if levels are greater than 110 mg/dL this is 
diagnostic for chyle leak, if less than 50 mg/dL 
the chances of chyle leak are less than 5 % and 
thoracic duct injury can effectively be ruled out 
[ 3 ]. For patients with triglyceride levels between 
50 and 110 mg/dL, lipoprotein analysis or light 
microscopy can be used to detect chylomicrons 
confi rming the presence of chyle, alternatively 
Sudan III stain can be used to confi rm the pres-
ence of fat globules [ 2 ]. Additionally, the clini-
cian can perform a cell count, chyle will 
demonstrate a predominance of lymphocytes 
(>90 %) or if the patient is on a diet cream can be 
administered and the drainage observed for 
change in character. Administration of milk or 
cream is also useful preoperatively for identifi ca-
tion of the injury and localization for duct 
ligation. 

 More invasive methods of identifying and, 
more importantly, localizing thoracic duct injury 
include lymphangiography where diffusible blue 
dye is injected into the interdigital web spaces 
and lymphoscintigraphy with similar injection of 
a radiotracer and serial scanning (Fig.  15.3 ) 
[ 1 ,  2 ]. However, both of these methods are inva-
sive and can be painful and poorly tolerated by 
patients and either technique may not be avail-
able in all hospitals.

15.5        Initial Management 
and Outcomes 

 Initial management of thoracic duct injury 
depends upon presentation and volume of the 
leak. In patients in whom the injury has been 
identifi ed intraoperatively, maneuvers should be 
taken to localize the injury, such as the adminis-
tration of cream or absorbable dye. Once the 
injury is localized, the duct should be ligated 
proximal and distal to the injury. Attempts at sur-
gical repair are unlikely to be successful and are 

impractical to perform due to the delicate nature 
of the lymphatic vessels [ 6 ,  11 ]. In those patients 
presenting with chylothorax, initial management 
consists of adequate pleural drainage with place-
ment of tube thoracostomies, with or without 
image guidance. Drainage must be adequate to 
evacuate all fl uid and allow the collapsed lung to 
fully re-expand. Maneuvers to reduce the volume 
of chyle should then be undertaken. The patient 
may be made nothing per os (NPO) and placed 
on TPN. 

  Fig. 15.3    Radiographic image showing extravasation of 
the contrast in the upper part of the thoracic duct ( arrow ), 
following injection of the duct with iodinated contrast 
through the microcatheter (Reproduced with permission 
from Itkin et al. [ 8 ])       
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 Alternatively, the patient may be allowed a fat 
free diet enriched in medium-chain triglycerides. 
Use of octreotide or somatostatin, which reduces 
gastrointestinal secretion and absorption and sub-
sequently may reduce chyle production, has also 
been reported [ 2 – 4 ,  13 ,  15 ]. Electrolytes, fl uids, 
and fat-soluble vitamins should be monitored 
closely and aggressively replaced intravenously. 
Low and moderately low output chylothoraces, 
those with <500 and <1,000 mL/day, respec-
tively, generally respond well to dietary manipu-
lation and drainage without requiring invasive 
interventions. The overall success rate of conser-
vative management has been reported to be as 
high as 88 % [ 2 ,  9 ,  10 ]. Once the fl uid draining 
has cleared from milky to serous, and the output 
has decreased to less than 250 mL/day, a high-fat 
meal challenge should be given, if no increase in 
output or change in character of the drainage is 
noted, the chest tubes can be removed [ 15 ]. 

 It is unclear how long patients should be tri-
aled on medical management before it should be 
considered unsuccessful and surgical manage-
ment performed. Studies vary from 1 to 4 weeks; 
however, most advocate for intervention if the 
chyle leak has failed to resolve within 2 weeks, 
particularly as suffi cient T cell loss to place the 
patient at severe risk for sepsis can occur within 8 
days [ 2 ,  3 ,  6 ,  16 ]. 

 In those patients with high-output chylothora-
ces, in whom leaks exceed 1,000–1,500 mL/day 
for adults or 100 mL/kg/day in children, conser-
vative management is unlikely to be successful 
[ 2 ,  6 ,  16 ]. In these patients, intervention should 
be performed early in their hospital course to 
reduce the risk of morbidity, particularly infec-
tious, and mortality. With early intervention and 
adequate nutritional support mortality can be 
reduced to 0–10 % [ 2 ,  4 – 6 ,  14 ]. Early interven-
tion may also reduce hospital length of stay [ 6 ].  

15.6     Operative and Interventional 
Management and Outcomes 

 Treatment options for high-output chylothoraces 
or for those of low to moderate output who fail to 
resolve with conservative management include 

percutaneous thoracic duct embolization and 
ligation of the thoracic duct by either open or 
video-assisted thoracoscopic surgical (VATS) 
approaches. Surgical ligation of the thoracic duct 
has been the gold standard treatment with a suc-
cess rate of 90–95 % and associated mortality of 
0–16 % and morbidity of 0–16.7 % [ 2 ,  6 ,  8 – 11 ]. 
Associated injuries and comorbidities likely con-
tribute to mortality; however, deaths occur pri-
marily because of malnutrition, sepsis, and 
respiratory failure due to the persistent chylous 
fi stula. Early ligation, optimal management of 
fl uids, nutrition and electrolytes, and use of mini-
mally invasive VATS techniques have decreased 
mortality and morbidity rates, and may result in 
shorter lengths of stay. Surgical approach will be 
dictated by cause and location of the 
chylothorax. 

 Iatrogenic injuries are best approached via the 
initial surgical incision. The patient can be given 
cream, milk, or dye preoperatively to help local-
ize the site of the injury. Once the injury has been 
localized, it should be suture ligated proximal 
and distal to the site of injury. This can be aug-
mented with the use of pledgets in the suture liga-
tion, clips, and placement of fi brin or artifi cial 
glue sealants. Thought can also be given to but-
tressing the site of ligation with a pleural fl ap. For 
traumatic chylothoraces without prior surgery, 
open thoracotomy or VATS can be used to explore 
the affected hemithorax, and the site of injury 
should be localized and ligated proximal and dis-
tal to the site of injury. If there is concern regard-
ing the ability to localize the injury, again the 
patient can be given a lipid heavy food bolus or 
absorbable dye approximately 4 h prior to explo-
ration or lymphangiography can be utilized to 
locate the source of the injury. Alternatively, if 
these methods have not successfully located the 
injury or are not available the thoracic duct can 
be ligated within the preaortic tissues at the dia-
phragmatic hiatus. This technique has the advan-
tage of stopping potential fl ow from accessory 
lymphatic ducts, and may be performed in con-
junction with or without talc pleurodesis. 

 In some cases, patients may not tolerate 
 thoracic procedures due to poor reserve, associ-
ated lung injury, or pneumonia; or it may be 
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unfeasible due to prior surgeries. In these cases 
the thoracic duct can be ligated via a transabdom-
inal approach. Exposure of the abdominal portion 
of the thoracic duct can be performed by mobiliz-
ing the left lobe of the liver and dividing the gas-
trohepatic ligament. The stomach and esophagus 
are retracted laterally to the left, and the retro-
peritoneum and median arcuate ligament are 
divided as are the interdigitating fi bers of the dia-
phragmatic crura. This exposes the origin of the 
celiac trunk and the supraceliac aorta. The proxi-
mal thoracic duct can be found at this level to the 
right of the aorta and ligated. This technique has 
been reported to be successful at resolving chylo-
thorax with both open and laparoscopic 
approaches [ 17 – 19 ]. 

 A new alternative to surgical ligation of the 
thoracic duct is percutaneous embolization. This 
technique requires pedal lymphangiography to 
localize the cisterna chyli, the cisterna is then 
accessed percutaneously by transabdominal cath-
eterization. The thoracic duct can then be inter-
rogated radiographically to localize the source of 
injury and can then be embolized with coils, 
chemical coagulants, or a combination of the two 
agents. A review of the existing literature regard-
ing thoracic duct embolization up to 2004, 
including 91 patients, found a technical success 
rate of 79 % and a clinical success rate (complete 
resolution of chylothorax) of 69 %. This was 
associated with no mortalities and a 2 % morbid-
ity rate, with most complications being minor 
and self limited [ 10 ]. Subsequently, a large series 
of 109 patients treated with thoracic duct emboli-
zation had a similar success rate of 71 %, with a 
complication rate of only 3 %. This series 
included 20 patients who had already failed sur-
gical ligation of the thoracic duct; within this 
subgroup success of thoracic duct embolization 
was 88 % [ 8 ].  

15.7     Postoperative Management 
and Complications 

 Patients undergoing open or VATS thoracic duct 
ligation or embolization should have thoracos-
tomy tubes left in place post procedure to asses 

for change in character and quantity of drainage. 
Once drainage has ceased being chylous and out-
put has diminished, patients should undergo oral 
challenge with a fatty meal. If quantity and char-
acter of the drainage does not change with the 
challenge, the drains can be removed. 

 Recurrent chylothorax can occur in 5–10 % of 
patients following surgical ligation and in 
29–31 % of patients following embolization 
[ 9 – 11 ]. If there is continued or recurrent chylous 
drainage following either surgical ligation or 
embolization, continued medical management 
can be continued with bowel rest, TPN, and fl uid 
and electrolyte replacement with or without 
octreotide. If the leak does not respond to conser-
vative management following embolization, sur-
gical ligation should be performed. Strong 
consideration should be given to ligation at the 
level of the diaphragmatic hiatus to ligate possi-
ble collateral lymphatic vessels. If the chyle leak 
occurs after surgical ligation, there is some evi-
dence to suggest success with embolization in a 
high percentage of these patients, up to 88 % [ 8 ]. 
Alternatively, patients who fail surgical ligation 
can undergo talc pleurodesis which generally has 
a good success rate or less commonly 
 pleuroperitoneal shunt placement [ 3 ,  9 ].  

    Conclusion 

 Thoracic duct injury is a rare consequence of 
both blunt and penetrating trauma; it is most 
commonly due to iatrogenic injury following 
neck or chest surgery, particularly esopha-
gectomy. It can be associated with signifi cant 
morbidity including sepsis, malnutrition, 
dehydration, and electrolyte abnormalities, 
these complications can result in death if 
not appropriately treated in a timely fashion. 
If suspected intraoperatively, provocative 
maneuvers such as enteral administration of 
cream can be performed to localize the site 
of injury for ligation. In patients who present 
postoperatively or post-injury with chylotho-
rax, conservative management with drainage, 
bowel rest, intravenous fl uids and nutrition, 
with or without octreotide, is quite successful 
if output is low or moderate. In those patients 
with high volume output or in those who do 
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not respond to conservative management 
within 2 weeks, percutaneous embolization or 
surgical ligation should be performed expe-
ditiously in order to minimize morbidity and 
mortality. Recurrent chylothorax is an uncom-
mon complication following surgical ligation 
and embolization, and can be treated with 
conservative management or if high volume or 
unresponsive with talc pleurodesis with good 
results.     
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16.1            Introduction 

 Traumatic abdominal    aortic injury is uncommon 
but remains one of the most challenging injuries 
to successfully manage. Many patients die of 
hemorrhage prior to arrival to the hospital and 
those who survive to the hospital are hypotensive 
due to massive blood loss and associated injuries 
[ 1 ,  2 ]. Penetrating injuries account for 70–95 % 
of abdominal vascular trauma with gunshot 
wounds exceeding stab wounds and affecting 
men primarily [ 1 – 4 ]. Blunt abdominal aortic 
injury (BAAI) occurs with less than 1 % inci-
dence [ 5 ]. In an autopsy series, 5 % of aortic lac-
erations occurred in the abdominal aorta [ 6 ]. 
Since 1996, 100 cases of blunt abdominal aortic 
injury were reported as case reports or case series 
with motor vehicle crashes being the predomi-
nant mechanism and affecting men primarily 
[ 5 ,  7 – 54 ]. The most common associated injuries 
include abdominal visceral injuries and lumbar 
spine fracture [ 5 ]. Table  16.1  summarizes the 
demographics and type of aortic injury of these 
cases.

16.2        Anatomy/Physiology 

 Abdominal aortic mechanism of injury relates 
to the biomechanical direct and indirect forces 
incurred while it is tethered between the spi-
nal column, the peritoneum, and abdominal 
viscera [ 5 ,  6 ]. The most frequent force causing 
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an abdominal aorta injury is compressive, asso-
ciated with deceleration [ 55 ]. Indirect forces 
occur when the aortic wall is directly stretched 
and compressed against a high-pressure col-
umn of blood leading to intimal tears, pseu-
doaneurysm, rupture, or thrombosis [ 56 ,  57 ]. 
Atherosclerotic changes of the aorta are associ-
ated with a weakening of the intima in addition 
to loss of elasticity and compliance and thus 
thought to increase the risk of aortic injury [ 58 , 
 59 ]. These forces can occur during motor vehi-
cle collisions when the aorta is compressed by 
the seat belt, thus termed “seat belt aorta” [ 60 ]. 
Other mechanisms include long-distance falls, 
direct compression of the aorta, and penetrating 
injuries. 

 The underlying pathologic lesion of BAAI is 
the disruption of the intima. Depending on the 
magnitude of the traumatic forces, BAAI pres-
ents as a spectrum of disease ranging from a 
minimal aortic injury (MAI) to free rupture of 
the aorta [ 61 ]. The increasing use of CT scan-
ning with angiography to evaluate patients with 
blunt trauma has resulted in increasing numbers 
of MAI diagnosed [ 61 ]. These traumatic intimal 
tears can manifest as intimal fl aps or dissection 
which can be uncomplicated or progress to 
thrombosis or acute arterial insuffi ciency 
[ 21 ,  22 ,  29 ,  56 ]. Injuries involving the adventitia 
lead to pseudoaneurysm formation (Fig.  16.1 ) 
or even rupture of the aortic wall. Rupture of the 
aortic wall can also be due to branch vessel 
avulsion [ 2 ].

   The majority of the injuries occur inferior to 
the renal arteries. Aortic injuries are classifi ed 
based on presence of aortic contour abnormal-
ity and presence of free rupture [ 5 ]. This clas-
sifi cation is based on experience with blunt 
thoracic aortic injury [ 62 ]. Intimal tears/fl aps 
are not associated with external aortic contour 
abnormality. A pseudoaneurysm presents as a 
contained rupture and is clearly associated with 
an aortic contour abnormality. The most com-
mon associated injuries are small bowel inju-
ries (38 %) and thoracolumbar spine injuries 
(25 %). The most common anatomic fi ndings 
since 1996 were intimal tears/fl aps (41 %) fol-
lowed by reports of pseudoaneurysms (29 %) 
[ 8 ,  10 ,  11 ,  15 – 47 ]. 

   Table 16.1    Summary of BAAI literature review of clini-
cal presentation, associated injuries, and location of 
abdominal aortic injury   

  N  = 100 
(values are 
also %) 

 Age median (range)  30 years 
(1–89) 

 Male  70 
 Hypotensive on admission 
(<90 mmHg) 

 34 

 Cardiac arrest in route, ED or OR  14 
  Associated injuries  
 Traumatic brain injury  11 
 Rib fractures  10 
 Pneumothorax/hemothorax  13 
 Abdominal wall ecchymosis  34 
 Abdominal wall degloving  9 
 Solid organ injury  25 
 Mesenteric hematoma/laceration  26 
 Small bowel injury  38 
 Colon injury  22 
 Spine fracture  32 
 Pelvic fracture  16 
 IVC injury  8 
 Retroperitoneal hematoma  50 
 Lower extremity ischemia  17 
  Location on aorta  
 Zone I: superior to SMA  8 
 Zone II: SMA to RA  6 
 Zone III: infrarenal  86 

   SMA  superior mesenteric artery,  RA  renal artery  

  Fig. 16.1    Blunt abdominal aortic pseudoaneurysm 
( arrowhead ) as seen on axial view with CT angiography       
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16.2.1     Clinical Assessment 
and Diagnostic Testing 

 The initial presentation is dependent on presence 
or absence of free rupture of the abdominal aorta, 
branch vessel avulsion, or concomitant inferior 
vena cava injury [ 2 ]. Those with rupture typically 
present with hypotension due to hemorrhagic 
shock. Emergency room anterolateral thoracotomy 
is used to provide cross clamping the aorta in the 
distal thorax. In our recent BAAI series, all patients 
with rupture were hypotensive, and 75 % had car-
diac arrest in the emergency department with 38 % 
requiring an emergency department thoracotomy 
[ 5 ]. Tamponade is usually associated with a retro-
peritoneal hematoma which improves survival [ 2 , 
 3 ]. Abdominal wall ecchymosis is seen in one third 
of BAAI cases and should raise the index of suspi-
cion for aortic and associated hollow viscus inju-
ries [ 5 ].  

16.2.2     Diagnostic Testing 

 Diagnostic testing is dependent on the initial pre-
sentation. In the hypotensive patient, the focused 
assessment with sonography for trauma (FAST) 
scan or a diagnostic peritoneal lavage (DPL) is 
the fi rst step. If signifi cant hemoperitoneum is 
present, then operative exploration is warranted. 
In the temodynamically stable patient an abdomi-
nal and pelvic CT scan with contrast is done 
allowing the evaluation of the aortic anatomy and 
concomitant injuries [ 63 ].   

16.3     Initial Management 

 Management of aortic injury varies and risk of 
mortality rises with the severity of the pathologic 
lesion. In a recent review of the National Trauma 
Data Bank of 436 patients with BAAI from 180 
centers from 2007 to 2009, 90 % were managed 
nonoperatively. Of those who underwent opera-
tive repair, 69 % underwent endovascular repair, 
with the remainder undergoing open aortic repair 
and two extra-anatomic bypasses [ 64 ]. In general, 

cases of BAAI with uncomplicated intimal fl aps 
are managed nonoperatively with anti- impulse 
(β-blockers) and antiplatelet (aspirin) therapy and 
close follow-up. The natural history of intimal fl aps 
is a decrease in size and complete resolution [ 9 ]. 
Cases of aortic pseudoaneurysms require operative 
repair to prevent rupture, but these can be managed 
on a semi-elective basis during the initial hospital-
ization. Cases complicated by thrombosis, acute 
arterial insuffi ciency, and free rupture require an 
operative or endovascular repair. 

 The timing of repair also depends on the 
patient’s associated injuries. Patients with pulse 
and neurologic defi cits, an expanding hematoma 
and concomitant intra-abdominal injuries, require 
emergent exploration and immediate repair. 
Otherwise, treatment can be individualized in the 
hemodynamically normal trauma patient.  

16.4     Open Repair 

 Initial management is determined by the hemody-
namic state of the patient. Hypotensive patients 
are managed with an exploratory laparotomy. 
A midline laparotomy incision allows exposure of 
all zones of the abdomen. Initial inspection identi-
fi es areas of ongoing hemorrhage, contained 
hematoma, or evidence of bowel ischemia [ 3 ]. 
Operative management of aortic injury is guided 
by its associated Zone 1 hematoma which may be 
supramesocolic or inframesocolic. Common pit-
falls and pearls regarding  management of the 
patient with an aortic injury are discussed below. 

16.4.1     Exposure and Control 
of the Aorta 

 Exposure is guided by the location of the retro-
peritoneal hematoma. In the case of a suprameso-
colic hematoma, proximal control of the aorta can 
be obtained at the diaphragm. The supraceliac 
aorta is exposed by opening the gastrohepatic 
ligament, lateral retraction of the left lobe of the 
liver, and caudal retraction of the stomach. The 
esophagus is mobilized laterally, its location 
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 facilitated by the presence of a nasogastric or oro-
gastric tube. This allows identifi cation of the 
abdominal aorta at the diaphragmatic hiatus. 
Control is achieved manually with compression 
or by vascular clamp placement (Fig.  16.2 ). Full 
exposure of the supraceliac aorta and its branches 
is achieved with left medial visceral rotation (the 
Mattox maneuver). For an inframesocolic hema-
toma, the exposure is obtained in a transperitoneal 
fashion similar to that for an infrarenal aneurysm. 
This is achieved with caudal retraction of the 
transverse colon, retraction of the small intestine 
to the right, and cephalad mobilization of the third 
and fourth portions of the duodenum. The proxi-
mal extent of this exposure is the left renal vein 
which can be divided if necessary between clamps 
for more cephalad access to the aorta. Proximal 
control of the aorta is obtained immediately below 
the renal arteries or at the diaphragm [ 65 ].

16.4.2        Repair of the Aorta 

 Repair of the aorta is determined by extent of 
injury and on presence of gross contamination 
from hollow viscus injury. In cases of aortic tears, 
multiple injuries can be connected and closed in 
linear fashion using polypropylene suture, 

Dacron patch aortoplasty, or Dacron graft inter-
position depending on the size of the tear [ 65 ]. In 
cases of intimal fl aps complicated by thrombosis 
and acute arterial insuffi ciency, repair is accom-
plished with thrombectomy and tacking sutures 
of the intimal fl ap or Dacron graft interposition if 
the damage to the intima is substantial (Fig.  16.3 ). 
Pseudoaneurysms usually require excision with 
primary end-to-end anastomosis or interposition 
grafting.

   Gross contamination from hollow viscus 
injury can jeopardize aortic grafts due to risk of 
infection. Thus ligation of the injured aorta with 
extra-anatomic bypass, such as axillobifemoral 
bypass, may be required. In cases in which dam-
age control laparotomy is needed, shunts such as 
chest tubes, endotracheal tubes, or carotid shunts 
can be used to establish temporary control, in a 
damage control fashion until hypothermia, coag-
ulopathy, and acidosis are corrected.   

16.5     Endovascular Management 
of Aortic Injuries 

 Reports of endovascular stent placement in cases 
of aortic injuries have recently increased in fre-
quency because these techniques are less invasive 

  Fig. 16.2    Manual clamping 
of the supraceliac aorta, 
followed by placement of an 
atraumatic vascular clamp 
over the fi ngers       
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and an attractive alternative for patients with both 
isolated aortic injuries and multisystem injuries 
in a manner similar to that of blunt thoracic aortic 
injury (Fig.  16.4 ). The use of stent grafts is not 
widely adopted, and most of the literature is lim-
ited to case reports and small case series where 
endovascular stents, aortic extension cuffs, and 
limb extensions have all been used in cases of 
blunt and penetrating trauma [ 23 ,  24 ,  29 ,  31 ,  34 , 
 35 ,  44 ,  66 – 69 ]. Indications include cases with 
associated gross contamination from hollow vis-
cus injury that can jeopardize aortic grafts due 
to risk of infection or management of injuries 
 diffi cult to expose by conventional means. 
Endovascular interventions can be used as a sta-
bilizing measure for critically ill patients and a 
bridge to open defi nitive repair. From an endo-
vascular perspective as it relates to trauma, 
abdominal aorta zones of injury can be classifi ed    
[ 5 ] based on feasibility of endovascular approach 
as follows:  Zone I injuries  occur from diaphrag-
matic hiatus to the superior mesenteric artery 
(SMA).  Zone II injuries  include the SMA to renal 
arteries.  Zone III injuries  are inferior to the renal 
arteries to the aortic bifurcation (Fig.  16.5 ). Zone 
I and III injuries are amenable to endovascular 

repair, whereas Zone II lesions are not amenable 
to endovascular stenting without fenestration for 
the SMA and renal arteries. The timing of the 
repair is dependent on the patient’s hemodynamic 
status and the presence of acute limb ischemia. 
Endovascular repair can be used for injuries from 
the diaphragmatic hiatus to the superior mesen-
teric artery or for injuries below the renal arteries 
to the aortic bifurcation. Injuries that involve the 
aorta in the vicinity of the SMA and renal arteries 
are not easy to manage by an endovascular tech-
nique as this would require graft fenestration for 
the SMA and renal arteries

16.5.1        Intra-Aortic Occlusion 
Balloon (IAOB) 

 The most common cause of death from aortic 
trauma remains hemorrhagic shock com-
pounded by ongoing coagulopathy; thus early 
proximal control of the aorta is a key maneuver 
[ 2 ,  5 ,  6 ,  10 ]. The use of transfemoral IAOB to 
obtain proximal control at the level of the dia-
phragm prior to entering the abdomen may have 
a role in early control of hemorrhage from the 

a b
  Fig. 16.3    Blunt abdominal 
aortic injury associated with    
thrombosis of the infrarenal 
aorta ( arrow ) and bilateral 
proximal iliac arteries ( a ). 
Complete intimal disruption 
seen ( b )       
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a b c

  Fig. 16.4    Blunt abdominal aortic dissection. ( a ) An 
intraoperative arteriogram showing the dissection fl ap 
( arrows ) in the infrarenal aorta and extending to the right 

common iliac artery. ( b ) Arteriogram post endovascular 
stent graft placement. ( c ) Coronal view of CT angiogra-
phy 6 weeks post repair       

Zone I Diaphragmatic hiatus to SMA
(includes celiac artery)

Inferior to renal arteries to
aortic bifurcation

Includes SMA to renal arteriesZone II

Zone III  Fig. 16.5    Zone I injuries 
occur from diaphragmatic 
hiatus to the superior 
mesenteric artery ( SMA ). 
Zone II injuries include the 
SMA to Renal arteries. Zone 
III injuries are inferior to the 
renal arteries to the aortic 
bifurcation       
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injured aorta [ 70 ]. Placement of the IAOB can 
be done expeditiously and would not delay the 
laparotomy as demonstrated in proximal control 
of the aorta in cases of ruptured abdominal aor-
tic aneurysms [ 71 ]. Current studies are evaluat-
ing the use of this modality in animal models 
[ 72 ,  73 ].   

16.6     Pearls, Complications, 
and Pitfalls 

•     Patient preparation includes a warmed room 
to minimize patient hypothermia.  

•   Placement of the patient on a radiolucent table 
allows the option for endovascular interven-
tion. Prior to incision, a nasogastric or orogas-
tric tube is placed to decompress the stomach 
and facilitate identifi cation of the esophagus 
during supraceliac aortic clamping. A Foley 
catheter is inserted to decompress the bladder 
and avoid injury during laparotomy as well as 
for urine output monitoring.  

•   Concomitant limb ischemia may be present 
due to intimal fl aps complicated by thrombo-
sis and acute arterial insuffi ciency; thus it is 
imperative to assess the peripheral vasculature 
for involvement of limb ischemia prior to the 
start of the case and at the conclusion of the 
procedure.  

•   The patient is prepped from sternal notch to 
upper anterior thigh. This allows access to the 
anterior thorax should a thoracic injury be 
identifi ed or if vascular control via the thorax 
is needed. Distally preparing the upper ante-
rior thighs allows for saphenous vein harvest 
should vascular reconstruction be deemed 
necessary.  

•   Broad spectrum antibiotic is administered 
prior to incision.     

16.7     Outcomes 

 Injury to the abdominal aorta is highly lethal. 
Among those who survive the transport to the 
hospital mortality rates range from 32 to 78 % 
with hemorrhagic shock being the most common 

cause of associated mortality [ 2 ,  4 – 6 ,  10 ]. 
Outcomes in cases requiring a resuscitative tho-
racotomy remain poor [ 74 ,  75 ]. In BAAI, mortal-
ity varies by the type of aortic injury. When 
minimal aortic injuries, dissections of the aorta, 
and pseudoaneurysms are included, aggregate 
mortality is 11 % [ 5 ]. In cases treated by endo-
vascular repair, the long-term durability of aortic 
endografts for abdominal aortic trauma is not 
well described. Clearly long-term follow-up will 
be required in these cases.  

    Conclusion 

 Abdominal aortic injury is rare and remains 
associated with high morbidity and mortality. 
High index of suspicion with expeditious 
diagnosis and repair is lifesaving. Temporizing 
measures such as shunts or endovascular 
repair used in a damage control manner my 
increase survival though this remains to be 
seen. Using newer adjuncts for obtaining 
proximal aortic control such as IAOB or the 
move to a hybrid suite is on the horizon in the 
management of this population.     
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17.1            Introduction 

 Traumatic injury to the abdominal vasculature is a 
surgical challenge with high morbidity and mortal-
ity rates. Despite the advances in prehospital resus-
citative trauma management, no signifi cant 
improvement has occurred in the associated mortal-
ity over the past 30 years [ 1 ,  2 ]. Intra- abdominal 
venous injuries (IAVIs), though relatively rare, con-
stitute a more insidious and technically demanding 
category of abdominal vascular injury. The reported 
major IAVI in order of decreasing incidence 
includes the inferior vena cava (IVC), superior mes-
enteric vein,  inferior mesenteric vein, portal vein, 
retrohepatic cava and hepatic veins, renal, splenic, 
and iliac veins [ 3 ]. Penetrating injuries account for 
nearly 90 % of traumatic IAVI [ 3 ,  4 ]. It is estimated 
that 10–15 % of the abdominal penetrating injuries 
involve a major vein and 1 in every 50 gunshot 
wounds involves the IVC [ 5 ,  6 ]. 

 Whether blunt or penetrating, these injuries 
can be lethal because of bleeding and associated 
injuries. Even after initial control of hemorrhage, 
patients succumb to delayed complications and 
mortality due to multiorgan failure, venous insuf-
fi ciency, shock, acidosis, coagulopathy, reperfu-
sion injuries, and their sequelae. A large 
percentage of these patients arrive hemodynami-
cally abnormal, and more than half are pro-
nounced dead at arrival. The associated fatality 
rates are over 50 % during prehospital care and 
20–60 % in those who survive the initial resusci-
tation and make it to the hospital [ 3 ,  5 ,  6 ]. 
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 The “damage control” or the “bail out” phi-
losophy introduced by Stone et al. involves 
initial laparotomy to achieve rapid hemostasis 
followed by ongoing resuscitation to correct the 
often present hypothermia, acidosis, coagulopa-
thy, and abdominal compartment syndrome [ 7 ]. 
Assessment of retroperitoneal bleeding is dif-
fi cult and is further compounded by the poten-
tial for iatrogenic injury while performing rapid 
dissection. Several studies show that outcomes 
relate to the anatomical location of injury, sever-
ity of shock at presentation, need for emergency 
room thoracotomy, number of associated vascu-
lar injuries, method of repair, and bowel ischemia 
[ 3 ,  8 – 10 ]. Decision for defi nitive venous repair 
should be based on the patients’ physiological 
status. Repair options include ligation, shunting, 
patch venoplasty, bypass grafting (autogenous or 
prosthetic), or primary suture. 

 Familiarity with surgical anatomy allows the 
trauma surgeon to isolate bleeding vessels during 
an emergency. This chapter reviews the current 
knowledge on the presentation, management 
options, and surgical techniques of major IAVI 
with a focus on IVC, renal, and hepatic venous 
injuries. Injuries to the mesenteric, splenic, and 
iliac veins are dealt with elsewhere. We followed 
the anatomical zones of the retroperitoneum to 
systematically approach surgical considerations 
for exposure of the corresponding venous injury.  

17.2     Abdominal Injury Zones 

 Initially proposed by Feliciano, categorization of 
the abdomen into functional zones enables a sys-
tematic approach (Fig.  17.1 ) [ 9 ,  11 ].

   This zonal division of retroperitoneum aides 
in predicting the potentially injured structures 
and conceptualizing the management plan. Note 
that we here only discuss retroperitoneal zonal 
structures since that is where is the major vascu-
lature is located.
    Zone 1  
 This is a midline or central zone that is subcate-

gorized into supramesocolic and inframeso-
colic regions. It extends from the diaphragm 
to the sacral promontory. The major vascular 

structures implicated in a central hematoma 
include the aorta and its major visceral 
braches, the portal vein, the subhepatic IVC 
and its major tributaries, the SMV, IMV, and 
renal veins.  

   Zone 2  
 This is the lateral zone. An injury in this region 

results in hematomas associated with renal 
vascular or renal injuries. It contains the adre-
nal glands, ureters, renal hilum, and 
parenchyma.  

   Zone 3  
 This is the pelvic zone. Hematomas in the pelvis 

suggest injury to the iliac vessels.  
   Zone 4  
 This is referred to as the retrohepatic zone and 

suggests injury to the retrohepatic IVC and 
hepatic veins. Case fatality with such injuries 
is often rapid and is commonly due to intraop-
erative exsanguination, especially with blunt 
venous trauma [ 11 – 13 ].    

17.2.1     Anatomy 

17.2.1.1     Inferior Vena Cava 
 The confl uence of common iliac veins at the level of 
L5 marks the origin of IVC just posterior to the right 
common iliac artery (Fig.  17.2 ). It ascends along the 
right border of the vertebral bodies as it traverses 
through the diaphragmatic hiatus to drain into the 
right atrium. It receives numerous tributaries along 
its path along with a rich network of collaterals in 
the region of its bifurcation. The intra-abdominal 
IVC is commonly classifi ed into four sections, 
namely, infrarenal, juxtarenal/perirenal, suprarenal/
subhepatic, and the retrohepatic IVC.

   Juxtarenal IVC injuries involve the region 
from the level of renal veins to the inferior border 
of the liver and are located just posterior to the 
duodenum and pancreas. The short suprarenal/
subhepatic segment of IVC extends in-between 
the juxtarenal and retrohepatic sections. 
Achieving control of injury in this region is tech-
nically challenging owing to its anatomical rela-
tions with the portal vein lying anteromedially, 
renal vessels posteriorly, and its close proximity 
to the liver superiorly. 
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 The retrohepatic IVC is defi ned as inferior to 
the phrenic veins, superior to the right adrenal 
vein, and running in a groove across the “bare 
area of the liver” – uncovered, without capsule 
[ 14 ]. The unique aspect of the retrohepatic IVC is 
its complete confi nement in hepatic suspensory 
ligaments, posteriorly by diaphragm and anteri-
orly by liver; making it diffi cult to explore.  

17.2.1.2     Hepatic Veins 
 Three major hepatic veins drain the liver paren-
chyma into the IVC. The left, right, and middle 

hepatic veins enter the IVC before it traverses the 
diaphragm below the atriocaval junction. There is 
usually less than 1 cm of IVC between the hepatic 
veins and the diaphragm. In many patients, this is 
a purely theoretical space and should not be con-
sidered for clamping. The accessory hepatic 
veins also join the retrohepatic IVC just inferior 
to this confl uence, all together binding the cava to 
the liver surface. An avulsion injury can com-
pletely uproot the hepatic veins resulting in mul-
tiple lethal lacerations involving the cava and 
hepatic veins.  

  Fig. 17.1    Zones of the 
retroperitoneum.  Zone 1  is a 
midline or central zone that is 
subcategorized into suprame-
socolic and inframesocolic 
regions. It extends from the 
diaphragm to the sacral 
promontory.  Zone 2  is the 
lateral zone. An injury in this 
region results in hematomas 
associated with renal vascular 
or renal injuries.  Zone 3  is the 
pelvic zone. Hematomas in 
the pelvis suggest injury to the 
iliac vessels.  Zone 4  is 
referred to as the retrohepatic 
zone and suggests injury to 
the retrohepatic IVC and 
hepatic veins (not illustrated)       
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17.2.1.3     Renal Veins 
 One of the special aspects of the left renal vein is 
its contribution to the cardinal (collateral) net-
work and that it is approximately three times 
 longer than the right. It receives drainage from 
left gonadal, adrenal, and a lumbar vein before 
draining into the IVC, along with a connective 
channel to the azygous system [ 15 ,  16 ]. This col-
lateral network enables left renal vein ligation 
without a nephrectomy. The right renal vein, on 
the other hand, lacks such collaterals.    

17.3     Presentation and Patterns 
of Injury 

17.3.1     Mechanisms of Injury 

 Injury to the IVC represents 30–40 % of all 
intra- abdominal vascular injuries and is 

 associated with a 50 % mortality rate. It occurs 
in 0.5–5 % of penetrating and in 0.6–1 % of the 
blunt abdominal traumatic events [ 17 ,  18 ]. 
Penetrating injuries to the IVC, like gunshot or 
stab wounds, often involve other organ systems. 
In rare scenarios, complete transection of both 
IVC and aorta can result in an aortocaval fi stula 
[ 19 ]. Blunt injuries resulting from shearing 
deceleration forces can tear off vascular struc-
tures from their pedicles, as seen with hepatic 
veins and retrohepatic cava (explained previ-
ously), and cause intraparenchymal laceration or 
compression or crush injuries as commonly seen 
with renal veins. 

 The mechanism of renal vein injury involves 
two possible patterns. One is due to the stretch 
exerted on the vessel during the decelerating 
forces of blunt trauma. This involves the left 
renal vein more commonly [ 16 ,  20 ]. The other 
form is secondary to compression against 

Retrohepatic IVC

Suprarenal IVC

Right renal vein

Left renal vein

Inferior vena cava

Common iliac vein

External iliac vein

Juxtarenal IVC

Infrarenal IVC

  Fig. 17.2    The four zones of 
the inferior vena cava and 
major branches are illustrated       
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 vertebral bodies that can result in thrombosis and 
possible renal vein stenosis [ 16 ,  20 ].  

17.3.2     Presentation and Diagnosis 

 A patient with an IAVI may present with normal 
vital signs or present with hypotension that may 
or may not be responsive to resuscitation. 
Because the venous system is low pressure, a 
majority of venous injuries will have a surround-
ing hematoma and present as a normotensive 
patient. This usually is the case with back or 
fl ank wounds. Most IVC injuries respond to 
intravenous fl uid resuscitation even in cases of 
hemodynamic compromise [ 21 ]. Those with 
contained hematoma may be normotensive at 
arrival. Rarely, IVC injury may be associated 
with a simultaneous aortic injury presenting as 
aortocaval fi stula that manifests as wide pulse 
pressure, hematuria, and an abdominal bruit 
(Fig.  17.3 ) [ 11 ,  22 ].

   Most high-energy gunshot wounds, massive 
blunt hepatic parenchymal fractures, or avulsion 

injuries can present as massive unremitting hem-
orrhage. Such patients frequently exsanguinate 
before reaching the operating room. All patients 
presenting with shock and penetrating injuries 
should be surgical explored after initial resuscita-
tion with resuscitation continuing in the operat-
ing room. 

 Current imaging protocols are not designed 
to specifi cally evaluate the venous system in 
trauma patients. Radiographic evaluation may 
include abdominal x-ray and contrast CT scan 
to defi ne the extent of the contained hematoma 
[ 23 ,  24 ]. Multiplanar reformatted images tend 
to be more intuitive as they can be tailored to 
allow visualization of the specifi c anatomic 
structures in nonaxial planes. In addition to the 
direct signs of venous injury that include throm-
bosis, avulsion, tear/rupture, extravasation, or 
pseudoaneurysm, one should be mindful of the 
more indirect signs of venous injury such as a 
perivascular hematoma, fat stranding, and ves-
sel wall irregularity. Although intravenous 
pyelography is a sensitive tool in diagnosis of 
renal vascular injuries in cases with fl ank 
wounds or suspected renal trauma, CT has 
largely replaced it since it has the added advan-
tage of diagnosing concurrent injuries. A CT 
scan demonstrating an early fi lling of the 
hepatic veins with contrast material in a trauma 
patient raises the suspicion for an associated 
arteriovenous fi stula and should be followed 
with arteriography [ 25 ].   

17.4     Management 

17.4.1     General Principles 

17.4.1.1     Blunt Trauma 
 Except for zone 1, blunt traumas with stable, 
nonpulsatile, non-expanding hematomas should 
not be disrupted. Traditionally, all zone 1 blunt 
hematomas are explored since packing is diffi cult 
in this region. It is estimated that as many as 
40 % patients exsanguinate after surgical disrup-
tion of hematomas [ 11 ,  26 ,  27 ]. Zone 4 hemato-
mas are often not directly visualized on 
laparotomy, but packing of the anterior liver is 
prudent. Persistent bleeding or suspicion of arte-
rial injury is grounds for exploration in any zone. 

  Fig. 17.3    Fistula between the common iliac artery and 
vein leading to signifi cant distention of the inferior vena 
cava       
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 Patients presenting after blunt injury who 
have hematuria and a perirenal retroperitoneal 
hematoma on imaging are managed with a non-
operative approach. Nonoperative management 
is successful in 95 % of these blunt renal trauma 
patients [ 26 ]. There is widespread consensus on 
nonoperative management of these injuries as 
renal function becomes severely impaired after 
3–6 h of ischemia and salvage rates are only 
25–35 % [ 16 ].  

17.4.1.2     Penetrating Trauma 
 Retroperitoneal hematomas secondary to pene-
trating injury are usually best managed by surgi-
cal exploration in zones 1 and 3. 

 Zone 2 penetrating injuries may be selectively 
managed by not disrupting a stable hematoma. In 
hemodynamically normal patients, it is prudent 
to pack stable zone 2 hematomas and treat con-
comitant injuries such as bowel lacerations. If a 
zone 2 hematoma is not explored, it is essential to 
exclude an ischemic kidney and injuries to the 
renal pelvis or ureters. Use of additional imaging 
postoperatively may help defi ne these types of 
injuries and whether the kidney is adequately 
perfused. 

 Penetrating retroperitoneal zone 4 injuries 
involving the IVC or hepatic veins are identifi ed 
by persistent bleeding with dark blood despite 
the Pringle maneuver and liver packing. Such 
injuries are often fatal, but patients surviving to 
laparotomy will require exploration for bleeding 
control.   

17.4.2     Operative Approach 

17.4.2.1    Surgical Exposures 
 Operative preparation should include an adequate 
supply of cross-matched blood, large-bore supra-
diaphragmatic venous access, rolled packs, 
sponges, suctions, intravascular balloon occlu-
sion catheters, 4-0 vascular sutures, and warming 
blankets to avoid hypothermia. The patient is 
positioned in slight reverse Trendelenburg posi-
tion to avoid venous air embolism [ 28 ,  29 ]. In 
emergent laparotomy, patients should be prepped 
from chin to knees, to enable exposure to chest, 

groin, or for saphenous vein harvesting as autolo-
gous conduit. 

 Explore the abdomen via a long midline inci-
sion, extending from xiphoid process to pubic 
symphysis. The surgeon should expect distortion 
of normal anatomy due to signifi cant displace-
ment by a large retroperitoneal hematoma. All 
bleeding sites should be controlled with manual 
pressure, resection, or ligation of peripheral ves-
sels, and all quadrants should be packed using 
laparotomy pads. The retroperitoneum is then 
evaluated for any IAVI or active bleeding. 

 Supramesocolic zone 1 hematomas require 
exploration by performing left medial visceral 
rotation that requires transection of the avascular 
line of Toldt in the left colon, incision of the 
lienosplenic ligament, and rotation of the colon, 
spleen, tail, and body of the pancreas as well as 
the stomach medially. This provides access to 
abdominal aorta and visceral vessels along with 
the left renal vascular pedicle. Alternatively, for 
juxta- and infrarenal IVC injuries, extended 
Kocher or Cattell-Braasch maneuver can be per-
formed that involves transection along the avas-
cular line of Toldt in the right colon and medial 
mobilization of the right colon, hepatic fl exure, 
duodenum, and head of the pancreas. This 
exposes the superior mesenteric vessels and the 
infrahepatic/suprarenal IVC after incising the ret-
roperitoneal tissue. The disadvantage of this 
maneuver is that there is a limited exposure to 
injuries at or above the level of supraceliac aorta 
and the hiatus. Venous hemorrhage can be con-
trolled by fi nger or sponge-stick compression for 
proximal and distal control. Without imaging, the 
diffi culty in zone 1 injuries is ascertaining 
whether left or right medial visceral rotation will 
give the best exposure. In general, right medial 
visceral rotation is best for IVC injuries, and left 
medial visceral rotation is best for aortic and 
other retroperitoneal zone 1 arterial injuries. 

 Exposure to the inframesocolic zone 1 hema-
tomas involves cephalad displacement of the 
transverse colon and mesocolon, refl ection of the 
small bowel to the right to locate the ligament of 
Treitz, and transecting it alongside the abdominal 
aorta until the left renal vein is located and the 
infrarenal aorta is exposed. The infrarenal IVC is 
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exposed by transecting the avascular line of Toldt 
in the right colon along with a Kocher maneuver. 
Then the pancreas and duodenum are refl ected to 
the left, and the retroperitoneal tissue covering 
the inferior vena cava is incised. 

 Exposure of the right/left lateral or zone 2 
hematomas can be technically demanding. If the 
perirenal hematoma or active bleeding is located 
medially or if there is an expanding hematoma, 
vascular control at the level of the pedicle is 
advisable. It is performed by mobilization of the 
right colon and hepatic fl exure, performing a 
Kocher maneuver thereby exposing the infrarenal 
inferior vena cava. The dissection is continued 
cephalad incising the tissues over the suprarenal 
infrahepatic inferior vena cava until the right 
renal vein is encountered. Similarly, for the left- 
sided exposure, the left colon and splenic fl exure 
are mobilized, and the small bowel is refl ected to 
the right. The ligament of Treitz is localized fol-
lowed by cephalad mobilization of the transverse 
colon and mesocolon. The dissection is contin-
ued cephalad until the left renal vein is encoun-
tered over the abdominal aorta. Alternatively, the 
lateral aspects of Gerota’s fascia can be incised 
along with lifting the kidney up and medially to 
locate the hemorrhage if a perirenal hematoma or 
bleeding is localized laterally. 

 Exposure to the zone 4 or retrohepatic cava 
and major hepatic veins requires a right thora-
coabdominal incision or a median sternotomy 
and mobilization of the right triangular ligament 
along with the caval crossing point at the level of 
right adrenal vein [ 5 ]. For left-sided exposure, a 
full-length incision of the left triangular ligament 
is performed. Another approach is through bilat-
eral subcostal incision with upper midline verti-
cal extension, to the left of the xiphoid process, 
commonly used in liver transplantation, has been 
described in pediatric cases to gain exposure to 
juxtahepatic vasculature [ 30 ]. Evans et al. describe 
that this type of incision provides adequate expo-
sure to repair associated splenic, pancreatic, 
renal, or intestinal injury. The tethering of the ret-
rohepatic IVC to the liver surface by its numer-
ous tributaries mandates extensive division of 
liver along the lobar planes to access this segment 
of IVC. Radical hepatic mobilization and  division 

further compounds the odds of fatality associated 
with retrohepatic cava and major hepatic venous 
trauma. Thus, this procedure is not recommended 
unless there is active bleeding that is not con-
tained with perihepatic packing [ 5 ].  

17.4.2.2    Control and Repair 
 Injuries to the infrahepatic, juxta-, and infrarenal 
IVC and renal veins can be repaired by lateral 
venorrhaphy using Allis or Babcock clamps for 
edge approximation during suture repair. Anterior 
caval injuries can be repaired primarily with 
transverse vascular sutures although posterior 
injuries require opening the anterior wall or 
extending the anterior injury. The repair of poste-
rior infrahepatic/suprarenal IVC injuries often 
poses a challenge due to diffi cult exposure. 
Generally, these are repaired by extending the 
injury in the anterior wall and repairing the pos-
terior wall from within. Saphenous vein patch 
angioplasty or interposition prosthetic grafts can 
be used for venous repair depending upon the 
extent of the defect. In some instances, a trau-
matic insult might result in a larger defect that, if 
repaired with lateral repair, might result in IVC 
stenosis. In such cases, PTFE or venous patch 
angioplasty is ideal. Venous ligation superior to 
the renal veins is not indicated due to higher inci-
dence of renal failure. Through-and-through 
injuries are primarily repaired either by extend-
ing the laceration or by rotating the vessel. This 
often proves to be challenging and may involve 
ligation of numerous lumbar veins. In injuries 
involving massive destruction of infrarenal IVC, 
ligation as part of damage control is easily toler-
ated [ 4 ]. 

 Injuries to the renal veins can be repaired with 
primary venorrhaphy or ligation. An unsuccess-
ful right renal vein repair requires ligation but at 
the cost of a nephrectomy due to the lack of 
venous collaterals on the right (as previously dis-
cussed). Proximal ligation of the left renal vein is 
generally well tolerated, as the venous outfl ow is 
maintained via the venous collaterals. 

 Juxtahepatic venous injuries are associated 
with a high mortality rate. Some surgeons believe 
that such injuries should not be surgically 
explored given the high mortality associated with 

17 Abdominal Vein Injuries



208

operative repair [ 5 ]. Others advocate that a single 
attempt at visualization for control and repair 
should be made and if it fails control should be 
limited to compression of the overlying liver. 
Some authors have advocated a vascular isolation 
of retrohepatic IVC and hepatic veins by clamp-
ing supra- and infrahepatic IVC, portal vein, and 
aorta in less severe injuries [ 31 ,  32 ]. However, 
the outcomes were not favorable in hypovolemic 
patients who reported an increased cardiac arrest 
rate. Schrock et al. originally proposed the use of 
an atriocaval shunt as an option to bypass these 
injuries during repair [ 33 ]. These shunts were 
designed to provide a bloodless fi eld by directing 
the outfl ow of blood bypassing the retrohepatic 
cava along with the Pringle maneuver for infl ow 
occlusion. 

 Though some authors advocate use of shunts 
as a last resort for salvage, the associated morbid-
ity and mortality is extraordinarily high 
[ 5 ,  13 ,  34 ]. Their use was fraught with complica-
tions such as air embolism, perforation of vascu-
lar structures during manipulation, thrombosis, 
and pulmonary embolism. Anecdotal accounts 
have been reported in the literature on the success 
of venovenous bypass or cardiac bypass as a 
potential solution [ 35 ,  36 ]. This technique 
involves cannulation of femoral vein and axil-
lary/internal jugular vein and placement on 
venous bypass during the course of operative 
repair. Others recommend tamponade and con-
tainment for hepatic venous injuries. In a pro-
spective follow-up study, Fabian and colleagues 
reported attaining successful hemostasis with 
deep omental packing in blunt hepatic venous 
trauma patients with associated mortality of 
20.5 % [ 37 ]. Such a mortality rate is signifi cantly 
lower when compared with direct venous repair 
of comparable grade of injury [ 5 ]. Similar results 
were reported by Beal and colleagues in a cohort 
of severe juxtahepatic venous trauma, where 
perihepatic gauze packing was used as the tam-
ponade strategy [ 38 ]. The associated mortality in 
such patients was 14 % with perihepatic packing 
as opposed to 70 % in those who underwent 
atriocaval shunting and direct venous repair [ 38 ]. 
Endovascular procedures like venous stenting 
and arterial embolization in cases with persistent 

juxtahepatic venous bleeding are theoretical 
options which are not possible given the rapidly 
of hemorrhage from these injuries.  

17.4.2.3    Damage Control Approach 
 First promoted by Kocher and Billroth in the 
1880s, evidence from modern literature suggests 
a reasonable survival rate with venous ligation if 
performed early in traumatic infrarenal caval 
transection patients [ 4 ,  39 ]. In a recent series of 
100 patients with IVC injury, the ligation of 
infrarenal IVC performed as a damage control 
measure in 25 complex IVC injuries had an asso-
ciated 59 % overall mortality, a longer hospital 
stay, and a more severe injury severity score (ISS) 
[ 40 ]. No long-term sequelae were seen in those 
who survived over the average follow-up period 
of 42 months. The authors concluded that infrare-
nal IVC ligation is an acceptable damage control 
measure. Other authors have shown similar 
results as well [ 41 ]. 

 Use of straight vascular shunts that correspond 
to the size of the vessel lumen ranging from 8 to 
16 French offers another option. After ligation or 
shunt placement, an abbreviated temporary clo-
sure with a vacuum closure device should be per-
formed. After resuscitation to correct the acidosis, 
coagulopathy, and hypothermia, the patient is 
brought back to the operating room for defi nitive 
repair within 24–72 h. In cases of iliac or IVC 
ligation, prophylactic fasciotomies should be 
considered to avoid the development of compart-
ment syndrome secondary to reperfusion injury, 
venous congestion, and ischemia [ 2 ,  40 ].    

17.5     Endovascular Approach 

 Endovascular strategies offer an alternative 
approach as both temporary damage control mea-
sure as well as defi nitive repair of IAVI. Although 
long-term results are not available, small case 
reports and case series have reported successful 
repair of IVC and other venous trauma with 
endovascular techniques. Castelli et al. reported a 
successful account of IVC stent grafting without 
laparotomy or retroperitoneal dissection as an 
alternative to open surgery in cases of ruptured of 
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the vena cava [ 42 ]. Others have reported use of 
fenestrated stent graft for traumatic juxtahepatic 
venous injuries [ 43 ]. Endovascular techniques 
such as stenting and balloon occlusion have doc-
umented success shown in scattered reports of 
patients presenting with IVC thrombosis, aneu-
rysms, or pseudoaneurysms (contained hema-
toma) after blunt trauma. Although the long-term 
outcomes are variable, a surgeon should consider 
angioembolization and stenting as plausible 
treatment strategies when repair is felt to be 
required in a hemodynamically normal patient.  

17.6     Outcomes and 
Consequences 

 A complication of massive resuscitation which is 
often associated with IAVI is development of 
abdominal compartment syndrome defi ned as an 
elevation of intra-abdominal pressure by 30 cm 
of H 2 O. It presents as a tense abdomen along with 
organ dysfunction primarily renal and respira-
tory. The incidence of abdominal compartment 
syndrome is often reported in patients who under-
went damage control procedures, had prolonged 
period of hypotension, required massive blood 
transfusions, had hypothermia, or underwent a 
tight abdominal closure. Treatment is avoiding 
initial abdominal closure or reopening a closed 
laparotomy until edema resolves and abdominal 
closure can occur safely. 

 A frequently reported morbidity associated 
with IVC injury is venous stasis distal to the site 
of ligation or repair and limb ischemia. 
Compression bandages and elevation are effec-
tive treatment options for the resulting edema due 
to venous insuffi ciency. Despite the lack of evi-
dence in support of anticoagulant use, postopera-
tive heparin or dextran infusion for 24–72 h is 
empirically given in patients with IVC narrowing 
following repair. Deep vein thrombosis and pul-
monary embolism occur at sites of injury and 
repair. 

 Renal vascular injury is associated with a sig-
nifi cant mortality of up to 54 % [ 4 ]. Irrespective 
of the outcomes of the reparative measures, the 
preoperative and intraoperative hypotension 

resulting from the injury incurs ischemic damage 
resulting in renal failure in the postoperative 
period. There is a small risk of delayed hyperten-
sion in such cases.  

    Conclusion 

 As many vascular surgeons know, venous 
injuries are often more troublesome than 
arterial injury. Retrohepatic IVC and hepatic 
vein injuries are best managed with packing 
to compress the liver posteriorly. Exposure 
should be performed for refractory bleed-
ing but outcomes are poor. Outfl ow control 
of the IVC is best managed via right thora-
coabdominal or medial sternotomy to access 
the  intrapericardial supradiaphragmatic IVC. 
A Pringle maneuver with suprarenal IVC 
compression provides infl ow control. Some 
blunt juxta- and infrarenal IVC injuries may 
be managed without retroperitoneal explora-
tion unless there is active bleeding or suspi-
cion of concomitant arterial injury, but most 
zone 1 retroperitoneal injuries should be 
explored. The left renal vein can be ligated if 
collaterals are intact. The right renal vein is 
short and usually requires repair or nephrec-
tomy. Concomitant visceral and arterial inju-
ries are common. Those with blunt trauma and 
a presentation of peritonitis, hemodynamic 
instability, or signifi cant free abdominal fl uid 
should be offered operative management. 
Survivors of both surgical and nonopera-
tive management suffer venous thromboem-
bolic events, proximal edema, and venous 
insuffi ciency.     
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18.1            Introduction 

 Abdominal vascular trauma is a rare entity 
accounting for 0.01–0.1 % of all traumas and 
15–30 % of vascular trauma in civilian and 
2–2.9 % in military series [ 1 – 3 ]. The lower inci-
dence in military settings is likely due to the low 
probability of surviving evacuation to reach med-
ical personnel. Even in modern military series 
injuries to named central vascular structures are 
nearly uniformly lethal [ 4 ]. 

 Penetrating mechanisms are responsible for the 
vast majority of vascular injuries in the abdomen 
accounting for 70–95 % of patients in most series 
[ 1 ,  2 ,  5 – 12 ]. Gunshot and shotgun wounds are 
more common penetrating mechanisms than stab 
wounds [ 7 ]. Of blunt causes motor vehicle crashes 
are the most common, followed remotely by direct 
abdominal impact and falls [ 1 ,  7 ]. The most com-
monly injured abdominal vessels are the aorta, supe-
rior mesenteric (SMA) and iliac arteries and inferior 
vena cava (IVC), portal, and iliac veins [ 6 ,  9 ,  11 ,  12 ]. 

18.1.1     Visceral Aortic Branches 

 The aorta has three major visceral branches 
which include the celiac and superior and inferior 
mesenteric arteries (SMA/IMA). Celiac artery 
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injuries are exceedingly rare, with an incidence 
of 0.01 % (Fig.  18.1 ). Associated injuries are 
common with these vascular injuries. The rarity 
and severity of celiac artery injury result in a high 
mortality in most series, ranging from 38 to 75 % 
[ 11 ,  13 ,  14 ]. Mortality correlates with advanc-
ing AAST-OIS grading, hypotension, need for 
resuscitative thoracotomy, and presence of asso-
ciated injuries [ 11 ]. Historically, the presence of 
“black bowel” or visceral ischemia at the time of 
laparotomy was also associated with a poor prog-
nosis, but this fi nding has been rare in modern 
series.

   Injuries to the SMA are also exceedingly rare 
accounting for approximately 0.09 % of all trau-
mas, the majority result from penetrating mech-
anisms, which account for 52–77 % of cases 
[ 5 ,  15 ]. There has been little change in SMA- 
associated mortality in the past four decades. 
In a series of six studies from 1972 to 1986, the 
overall survival was 57.7 % compared to four 
studies spanning 1990–2000 with a survival of 
58.7 % [ 2 ]. Independent predictors of mortality 
include transfusion >10 units of PRBCs, acido-
sis, dysrhythmias, and multisystem organ fail-
ure. Additionally, mortality correlates with more 
advanced Fullen Classifi cation and AAST-OIS 
grades of injury (Tables  18.1  and  18.2 ). Mortality 
is increased in patients with complex vascular 
reconstructions as compared to primary repair 
or ligation. Whether this is due to the complex-
ity of the injury or the repair itself is not clear. 
Associated injuries which commonly include 
aortic, portal vein, liver, pancreatic, duodenal, 
renal, and splenic signifi cantly increase mortality.

    Injuries to the IMA/IMV are rare. Generally, 
isolated injuries are well tolerated if they are sur-
gically addressed quickly. Mortality ranges from 
0 to 100 % and is highly dependent on physio-
logic derangements at the time of admission and 
associated injuries [ 1 ].  

18.1.2     Visceral Veins 

 Injuries to the portal (PV) and superior mesen-
teric veins (SMV) are rare, highly lethal injuries 
occurring in less than 1 % of all traumas [ 16 ,  17 ]. 
Most injuries occur as a result of penetrating 

trauma [ 16 – 20 ]. Because the PV and SMV are 
centrally located, nearly all patients have asso-
ciated injuries, averaging 3 or more per patient 
[ 17 ,  19 ]. Mortality after PV injury ranges from 
40 to 70 %, and mortality after SMV injury 
ranges from 0 to 83 % [ 2 ,  11 ,  16 – 20 ]. Mortality is 
increased by associated injuries, as well as hypo-
tension on arrival and active hemorrhage at lapa-
rotomy [ 17 ,  19 ]. The vast majority of patients 
present with hypotension or peritonitis requiring 
emergent laparotomy, an additional minority will 
require resuscitative thoracotomy. The need to 
undergo either emergency department or oper-
ating room thoracotomy is associated with an 
increased risk of death. Advanced AAST-OIS 
grade and injuries spanning greater than 50 % or 
completely transecting the vessel wall are also 
associated with worse outcomes.  

  Fig. 18.1    Three-dimensional reconstruction of CT scan 
images obtained from a patient with a celiac artery pseu-
doaneurysm following blunt injury       
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18.1.3     Inferior Vena Cava 

 IVC injuries occur after both blunt and penetrat-
ing trauma and are among the most common of 
intra-abdominal vascular injuries. Mortality can 
be high ranging from 36 to 70 % and increases with 
increasing associated injuries [ 6 ,  11 ,  12 ,  21 ,  22 ]. 
Mortality is also increased following blunt trauma, 
if there is release of the retroperitoneal tamponade 
with free hemorrhage into the  abdominal cavity 
and in the presence of shock or acidosis [ 21 ,  23 ].   

18.2     Anatomy and Physiology 

 The majority of abdominal vascular structures 
are located in the retroperitoneum which is 
divided into three zones. Zone I spans the midline 
of the abdomen and contains the aorta and its 

branches and the inferior vena cava (IVC). Zone 
II is located in the paracolic gutters bilaterally 
and contains the renal vessels and kidneys. Zone 
III begins at the sacral promontory and contains 
the iliac arteries and veins. This chapter will 
focus on the vessels contained within zone I as 
well as the portal and superior mesenteric veins 
(SMV) which along with the IVC provide the 
route for venous blood to return to the heart from 
the mesentery and lower extremities. 

18.2.1     Visceral Aortic Branches 

 The mesenteric branches of the abdominal aorta 
include the celiac artery, SMA, and IMA. The 
celiac artery arises from the proximal abdominal 
aorta above the transverse mesocolon. The vessel 
ranges from 1 to 1.5 cm in length in most adults 

    Table 18.1    Fullen anatomic classifi cation of superior mesenteric artery injury [ 24 ]   

 Zone  Segment SMA  Grade 
 Ischemic 
category  Bowel affected 

 Mortality Asensio 
et al. [ 15 ] (%) 

 Mortality Asensio 
et al. [ 5 ,  7 ] (%) 

 I  Trunk proximal to fi rst 
branch 

 1  Maximal  Jejunum, ileum, 
right colon 

 100  76.5 

 II  Trunk between inferior 
pancreaticoduodenal 
and middle colic 

 2  Moderate  Major segment, 
small bowel, right 
colon 

 43  44.1 

 III  Trunk distal to middle 
colic 

 3  Minimal  Minor segment or 
segments, small 
bowel or right colon 

 25  27.5 

 IV  Segmental branches 
(jejunal, ileal, colic) 

 4  None  None  25  23.1 

   SMA  superior mesenteric artery  

    Table 18.2    AAST-OIST grading abdominal vascular injury [ 2 ]   

 Grade  Injury 
 Mortality Asensio 
et al. [ 15 ] (%) 

 Mortality Asensio 
et al. [ 7 ] 

 I  Non-named mesenteric arterial/venous branches, phrenic artery/
vein, lumbar artery/vein, gonadal artery/vein, ovarian artery/vein, 
other non-named small artery/vein requiring ligation 

 0  16.4 

 II  Right, left, or common hepatic artery, splenic artery/vein, right or 
left gastric, GDA, IMA/IMV, primary named branches 
of SMA/SMV 

 20  25.5 

 III  SMV trunk, renal artery/vein, iliac artery/vein, hypogastric 
artery/vein, infrarenal IVC 

 0  40 

 IV  SMA trunk, celiac axis, suprarenal or infrahepatic IVC, 
infrarenal aorta 

 59  53.6 

 V  Portal vein, extraparenchymal hepatic vein, retrohepatic 
or suprahepatic IVC, suprarenal aorta 

 88  89.5 

   SMA  superior mesenteric artery,  SMV  superior mesenteric vein,  IVC  inferior vena cava,  IMA  inferior mesenteric artery, 
 IMV  inferior mesenteric vein,  GDA  gastroduodenal artery  
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before dividing into the hepatic, splenic, and gas-
tric branches. It is surrounded by a dense plexus of 
nervous and lymphatic tissue [ 1 ,  2 ]. The hepatic 
artery passes to the right posteriorly and enters 
the hepatoduodenal ligament just superior to the 
pylorus to the left of the common bile duct. The 
splenic artery, the largest of the celiac branches, 
courses inferiorly and to the left, posterior to the 
pancreas in the upper portion of the gland. The 
splenic artery gives off several dorsal pancreatic 
branches as well as the left gastroepiploic artery 
before entering the lienorenal ligament and 
dividing into the terminal splenic branches at the 
hilum of the spleen. The splenic artery also gives 
rise to the short gastric branches throughout its 
course. The left gastric artery ascends cephalad 
and laterally to the left to enter the lesser curva-
ture of the stomach. 

 The SMA arises from the anterior aorta 
in close proximity to the celiac artery in the 
supramesocolic region of zone I. The fi rst por-
tion of the SMA passes fi rst under the neck of 
the pancreas crossing the splenic vein, then over 
the uncinate process and third portion of the 
duodenum to enter the small bowel mesentery. 
SMA injuries can be classifi ed according to the 
schema created by Fullen et al. in 1972, or by 
the AAST- OIS (Tables  18.1  and  18.2 ) [ 24 ]. The 
Fullen classifi cation divides the SMA into the 
trunk, proximal branches (between the inferior 
pancreaticoduodenal and middle colic), middle 
branches (those distal to the middle colic), and 
terminal or segmental branches such as the jejuna 
and ileal arcades. 

 The IMA arises from the inframesocolic 
infrarenal abdominal aorta and travels in close 
 proximity to the aorta as it courses caudad to 
emerge in the left lateral aspect of the colonic 
mesentery. Within the colonic mesentery, it gives 
off the left colic, sigmoidal, and superior rectal 
branches.  

18.2.2     Visceral Veins 

 The portal venous system is created by the con-
fl uence of the SMV and splenic veins behind the 
neck of the pancreas at the level of the second 

lumbar vertebra. The IMV anatomy varies, but 
in general it will drain into either the splenic 
vein or less commonly into the SMV prior to 
their confl uence. The portal vein forms at the 
superior aspect of the pancreas and enters the 
hepatoduodenal ligament where it travels poste-
rior and lateral to the hepatic artery and common 
bile duct before entering the parenchyma of the 
liver in the hilum. The portal vein branches into 
left and right portal veins, the right then subse-
quently divides into superior and inferior 
branches.  

18.2.3     Inferior Vena Cava 

 The IVC courses along the right paravertebral 
portion of the retroperitoneum, and injuries are 
classifi ed by location, as infrarenal, suprarenal, 
or retrohepatic/suprahepatic. The suprahepatic 
and retrohepatic IVC extend from the dia-
phragmatic hiatus through the liver. The supra-
renal IVC extends from just below the inferior 
liver edge to the level of the renal vein inser-
tion sites. The infrarenal IVC is defi ned by the 
portion of the IVC below the renal veins inferi-
orly to the bifurcation into the common iliac 
veins. A previous retrospective review of IVC 
injuries stratifi ed by location showed no sig-
nifi cant difference in mortality between supra-
renal and infrarenal IVC injuries if retrohepatic 
IVC injuries were excluded [ 12 ]. Due to mas-
sive hemorrhage and a diffi cult operative 
approach, injuries to the retrohepatic and 
suprahepatic IVC carry the highest mortality 
rates even in experienced trauma centers 
[ 8 ,  9 ,  12 ,  23 ,  25 ,  26 ].   

18.3     Clinical Assessment 
and Initial Management 

 Presentation is dependent on whether the injury has 
resulted in tamponade or free rupture into the peri-
toneal cavity. If the hematoma has ruptured into 
the peritoneum, the patient may present in extremis 
as rapid exsanguination is possible. If the injury is 
contained in the retroperitoneum, the patient may 
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present with normal hemodynamics in relatively 
stable condition. Other signs of abdominal vascu-
lar injury include a distended tender abdomen, lack 
of a femoral pulse, and gross hematuria. 

 Most patients will be in hemorrhagic shock, 
and immediate large-bore intravenous access, 
resuscitation, and rapid surgical control of bleed-
ing are essential. Massive transfusion protocols 
should be instituted as soon as abdominal vascu-
lar injury is suspected, and resuscitation of the 
patient should be aggressive with 1:1 transfusion 
for adequate replacement of intravascular clotting 
factors [ 27 ]. Most patients with abdominal vas-
cular injuries will undergo signifi cant operative 
blood loss ranging from 5 to 10 L, and adjuncts 
such as cell saver or other blood reclamation 
techniques should be utilized [ 13 ,  14 ]. Every 
effort should be made to maintain normothermia 
as a core temperature of less than 34 °C has been 
found to be a signifi cant predictor of mortality 
among these patients [ 12 ].  

18.4     Diagnostic Testing 

 The majority of patients with major abdominal 
vascular injury are hypotensive upon presenta-
tion. Patients are commonly triaged according 
to the results of the Focused Assessment with 
Sonography for Trauma (FAST) scan. Patients 
with evidence of signifi cant hemoperitoneum 
are taken for operative exploration while those 
with minimal or no peritoneal fl uid should be 
resuscitated while other sources of hemorrhage 
are sought. In the rare cases where patients are 
hemodynamically normal, computed tomog-
raphy (CT) has become the diagnostic tool of 
choice for detection of vascular injury [ 28 ,  29 ]. 
There is now growing support for the use of 
CT scanning in the triage of even hypotensive 
patients with abdominal and pelvic trauma. 
A large study of patients with both pelvic and 
abdominal trauma revealed an increasing use of 
preoperative/pre- angiographic CT for triage even 
among patients presenting in shock. This study 
revealed no increase in mortality nor signifi cant 
delay to angiography or laparotomy as a result of 
CT scanning [ 30 ].  

18.5     Operative and 
Interventional Management 

18.5.1     Celiac Artery 

 Exposure of the celiac artery is best approached 
via left medial visceral rotation [ 1 ,  2 ,  7 ]. In order 
to obtain proximal control of the supraceliac aorta 
proximal to the celiac root, it may be  necessary to 
divide the median arcuate ligament and crura of 
the diaphragm. This exposure allows visualization 
of the left lateral and anterior aspect of the upper 
abdominal aorta as well as the roots of the celiac 
and SMA origins. Alternatively, exposure of the 
celiac root can be performed through the gastro-
hepatic ligament. This requires division of the left 
triangular ligament and mobilization of the left 
lobe of the liver to the right and the esophagus to 
the left. Once the injury is exposed and proximal 
and distal control obtained, the surgical options 
include ligation or repair. The celiac artery can be 
ligated safely if the SMA is patent due to exten-
sive collateral circulation. In a series by Asensio, 
among 13 patients, 11 underwent ligation and 1 
underwent primary repair, of the patients who 
underwent ligation 4 survived. The single patient 
who underwent primary repair in this series also 
survived. Graham reported on 13 patients with 
celiac injury of which 4 patients underwent liga-
tion with a survival rate of 50 % [ 14 ]. Asensio 
and his group found no survivors among their 
extensive literature search who underwent com-
plex repair, reanastomosis, or reimplantation 
[ 13 ]. There are no reports of signifi cant bowel 
ischemia following celiac ligation; however, isch-
emia and necrosis of the gallbladder after ligation 
is described, and cholecystectomy is advocated 
in all patients [ 2 ,  13 ]. Injury to branches of the 
celiac artery is also rare. The gastric and gastro-
duodenal branches can generally be ligated with 
little ill effects due to the extensive collateral fl ow 
from other celiac branches, as well as from SMA 
branches. 

 Hepatic artery ligation is generally well toler-
ated owing to the dual blood supply of the liver 
in conjunction with the portal vein and collat-
eral fl ow from the gastroduodenal artery (GDA) 
if the ligation occurs distal to the GDA. When 
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ligation occurs proximal to the GDA, decreased 
arterial blood fl ow to the liver may cause tran-
sient increase in liver transaminases, as opposed 
to elevations seen solely with parenchymal liver 
damage; this ischemic hepatitis is also associ-
ated with elevations in lactate dehydrogenase. 
Compromised arterial fl ow can also lead to bili-
ary strictures as the arterial fl ow provides the 
primary blood supply to the ductal epithelium. 
Although rare, this can result in biliary strictures 
and cholangiectasis with resultant obstructive 
jaundice and occasionally cholangitis [ 31 ]. 

 Splenic artery ligation just proximal to its ter-
minal branch point is well tolerated if required 
for irreparable injury or uncontrollable bleeding. 
Although most often performed in conjunction 
with splenectomy as associated solid organ injury 
is common, the spleen if undamaged and not isch-
emic can be left in situ following ligation of the 
splenic artery. Most studies of splenic artery liga-
tion for trauma have occurred in children where 
splenic salvage is common following both blunt 
and penetrating trauma. These studies demonstrate 
that in the majority of patients the spleen is viable 
following ligation and has normal immunological 
function [ 32 ,  33 ]. One study of splenic artery liga-
tion without splenectomy in adult trauma patients 
had similar outcomes with no deaths and no need 
for reoperation following ligation [ 33 ].  

18.5.2     SMA 

 Surgical approach to the SMA varies somewhat 
according to the location of injury. Injuries to 
Fullen zone I are best approached via a left medial 
visceral rotation [ 2 ]. Fullen zone II injuries are 
approached via visceral rotation, but transection 
of the neck of the pancreas may be necessary 
to visualize the injury and gain distal vascular 
control. Injuries in this location may also be 
approached by opening the root of the mesentery 
beneath the pancreas via the lesser sac [ 3 ]. Fullen 
zone III injuries are approached by dividing the 
ligament of Treitz to expose the suprarenal aorta 
and distal SMA trunk. They can also be exposed 
by performing an extended Kocher maneuver, 
mobilizing the duodenal C-loop until the SMA 

is encountered as it comes out from beneath the 
neck of the pancreas. Fullen zone IV injuries are 
best approached directly through the mesentery. 
Once the injury is exposed, proximal and distal 
control should be obtained [ 1 ,  3 ,  6 ,  7 ]. 

 In hemodynamically normal patients primary 
repair is utilized for injuries in all zones if 
 possible, this can be accomplished in 22–40 % of 
cases [ 5 ,  15 ]. The edges of the injury are debrided 
to healthy tissue and re-approximated with mono-
fi lament nonabsorbable sutures. Large defects, 
however, are unlikely to come together primarily 
as branching of the SMA makes signifi cant mobi-
lization impossible. In these cases techniques 
such as vein patch, interposition graft, and reim-
plantation have all been described. 

 In hemodynamically abnormal patients rapid 
primary repair may be considered; however, if 
the defect is large or diffi cult to expose, it should 
be ligated or shunted. Historically, ligation of the 
SMA is reported to be well tolerated in the proxi-
mal trunk because of collateral fl ow through the 
celiac axis, while ligation of distal injuries was 
discouraged due to the risk of bowel ischemia 
[ 3 ]. However, in two large series by Asensio, the 
authors found ligation to be commonly used in 
distal injuries. Ligation of both proximal and dis-
tal injuries was tolerated, but mortality was higher 
when ligating proximal compared to distal injuries 
[ 5 ]. It should be kept in mind that bowel ischemia 
may result if multiple distal injuries are ligated. 

 Temporary intravascular shunts (TIVSs) are 
an alternative to ligation. Shunting of the SMA 
was fi rst described by Reilly in 1995, when a 
Javid shunt was used to temporize a Fullen zone 
II injury. The shunt remained patent until defi ni-
tive repair with an interposition graft on postop-
erative day two [ 34 ]. Since that time, TIVSs have 
rarely been reported in the treatment of SMA 
injuries [ 5 ,  15 ]. In a single institution’s experi-
ence with shunts, Subramanian reported use in 
truncal injuries for only six patients, of these 
33 % were SMA injuries. Compared to extremity 
injury, truncal TIVSs are associated with signifi -
cantly higher transfusion requirements and 
higher rates of thrombosis [ 35 ]. 

 Though only reported in 21–40 % of 
cases, strong consideration should be given to 
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 temporary abdominal closure (TAC) [ 5 ,  6 ,  11 , 
 15 ]. SMA injuries in particular may benefi t from 
TAC and second-look procedures due to the high 
risk of ischemic complications, abdominal com-
partment syndrome, and high rate of associated 
injuries [ 5 ]. 

 In very rare cases patients with SMA injuries 
may present in stable condition and undergo imag-
ing to diagnose their injuries prior to laparotomy. 
There have been four case reports of patients 
diagnosed with SMA injuries who subsequently 
underwent angioembolization. Embolization was 
successful in controlling hemorrhage in all four 
cases, with no reports documenting bleeding, 
ischemia, or perforation that required subsequent 
laparotomy [ 36 – 39 ]. Angiography is limited 
because it cannot diagnose or address associ-
ated injuries, but it may have a role as a surgical 
adjunct. Patients with stable hematomas or who 
respond to packing may benefi t from angiogra-
phy to delineate and embolize or stent these dif-
fi cult to expose lesions.  

18.5.3     IMA/IMV 

 The IMA/IMV can be exposed by elevating the 
transverse colon and incising the ligament of 
Treitz exposing the anterior aspect of the infrare-
nal abdominal aorta. The periaortic tissue should 
be ligated in order to prevent lymph leaks. The 
IMA can then be found arising from the left lat-
eral aspect of the aorta approximately 3–4 cm 
above the aortic bifurcation. Generally IMA/
IMV injuries are primarily repaired if amenable 
or ligated. Ligation is generally well tolerated 
because of the extensive collateral circulation [ 3 ]. 
However, the presence of back bleeding should 
be assessed, and while rare this injury can be 
complicated by rectal or colonic ischemia, par-
ticularly in patients with advanced atheroscle-
rotic disease [ 2 ].  

18.5.4     SMV/Portal Vein 

 Vascular control of PV and SMV injuries begins 
with performing a Pringle maneuver. An atraumatic 

vascular clamp should be placed on the porta hepa-
tis. Once the hematoma and areolar tissue in the 
hepatoduodenal ligament are dissected, clear vas-
cular clamps or vessel loops should be placed above 
and below the injury. The ability to gain proximal 
and distal control is limited by the short length of 
the porta hepatis. Extra length and access to more 
distal SMV injuries can be gained by dividing the 
neck of the pancreas if necessary. A wide Kocher or 
a Cattell-Braasch maneuver can be performed for 
exposure improved vascular control. 

 It is essential to obtain good exposure of the 
injury prior to any attempt at repair or ligation 
due to the close proximity of the bile duct and 
hepatic artery. PV injuries can be addressed by 
repair, reanastomosis, interposition graft, porto-
systemic shunt, or ligation. Ligation can be toler-
ated as long as the hepatic artery is patent, with 
mortality ranging from 20 to 90 % [ 17 – 20 ,  40 ]. 
If ligation is necessary it should be undertaken 
immediately after identifi cation of a severe injury, 
as early ligation is associated with improved 
survival [ 40 ]. Ligation of the PV may result in 
splanchnic hypervolemia and systemic hypovo-
lemia causing hemodynamic compromise; it is 
therefore important to carefully monitor preload 
and anticipate the need for aggressive intravas-
cular volume replacement. SMV injuries can be 
treated with ligation or repair. In a large series 
by Asensio, repair was associated with a survival 
advantage; however, patients undergoing repair 
were signifi cantly less injured and had fewer 
associated injuries than those undergoing liga-
tion [ 19 ]. Another study by Fraga demonstrated 
similar outcomes among SMV injuries that were 
ligated and those that were treated with primary 
repair [ 17 ]. If ligation is performed it should be 
kept in mind that the syndrome of splanchnic 
hypervolemia/systemic hypovolemia is a signifi -
cant risk although less common following SMV 
ligations than PV ligations [ 18 ]. 

 Damage control laparotomy is particularly 
suited to PV and SMV ligation as a second-look 
operation to assess bowel viability is mandatory, 
and the risks of development of the abdominal 
compartment syndrome may be decreased with 
temporary abdominal closure techniques [ 16 ,  17 ]. 
Previous studies of these rare injuries have sug-
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gested the utility of TIVS in complex or long- 
segment injuries to diminish the risks of bowel 
ischemia; however, the literature lacks even one 
case report [ 16 ,  17 ].  

18.5.5     IVC 

 The most common approach to the infrahepatic 
IVC is a right-sided medial visceral rotation 
(Cattell-Braasch maneuver). The white line of 
Toldt is divided lateral to the right colon, and the 
mesentery of the large and small bowel is dis-
sected off of the retroperitoneum to its root. The 
duodenum is mobilized medially and superiorly, 
the right kidney is generally left in its normal ana-
tomic location. This maneuver exposes the IVC 
from the inferior border of the liver to its bifurca-
tion (Fig.  18.2 ). Infrarenal IVC injuries are con-
sidered the easiest to repair, carry the lowest 
mortality rate, and are usually controlled with 
compression directly above and below the injury 
digitally or with sponge sticks [ 41 ]. Tangential 
occlusion clamps (Satinsky clamp) can be used 
for vascular control with care to avoid tearing the 
IVC and enlarging the defect. The majority of 
injuries to the IVC are repaired with lateral venor-
rhaphy using 4-0 or 5-0 Prolene suture. The back 
wall should be inspected for through-and-through 
injuries. Posterior defects can be repaired by 
rotating the vessel or through the anterior defect 
[ 42 ]. In circumstances where the caval defect is 
large, either saphenous vein or prosthetic patches 
can be utilized to repair the defect. For those 
patients who are coagulopathic or in shock, liga-
tion of the infrarenal IVC is possible (Fig.  18.3 ). 
Four-compartment lower extremity fasciotomies 
should be considered in cases of ligation as com-
partment syndrome is common. The bilateral 
lower extremities should be elevated in all cases 
in order to decrease accumulation of edema. A 
retrospective review of patients undergoing liga-
tion of the IVC found that there were no surviving 
patients that experienced signifi cant lower extrem-
ity edema or lower extremity dysfunction at a 
mean follow-up of 42 months after injury [ 43 ].

    Infrahepatic, suprarenal injuries of the IVC 
are approached in a similar fashion as infrarenal 

injuries; however, exposure of the suprarenal 
IVC can be more diffi cult. In contrast to infrare-
nal IVC injuries, the suprarenal IVC should not 
be ligated in cases of severe injury as this would 
preclude renal outfl ow and result in renal failure. 

 Patient with evidence of hemorrhage near the 
liver, in whom a Pringle maneuver does not con-
trol bleeding, should be suspected of having a 
retrohepatic IVC injury. Surgical control can be 
achieved by complete liver mobilization and 
visualization of the retrohepatic IVC (Fig.  18.4 ). 
An atriocaval shunt can be used as a temporizing 
measure to bypass the area of injury while ade-
quate mobilization and repair is undertaken [ 44 ]. 
Placement of an atriocaval shunt requires access 
to the chest via a right thoracotomy or median 
sternotomy. The shunt, usually a 36-French chest 
tube, is placed through the right atrial appendage 
and into the vena cava, where the shunt can 
bypass the area of injury, limit bleeding, and 

  Fig. 18.2    Exposure of the infrarenal inferior vena cava 
(IVC) following right-sided medial visceral rotation. The 
ureter is seen crossing over the IVC at the bifurcation of 
the common iliac veins       
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maintain venous return to the heart. Atriocaval 
shunts are rarely used and are associated with 
very high mortality [ 45 ]. Another damage control 
option is total hepatic isolation in which the 
suprahepatic IVC below the diaphragm or within 
the pericardium, the infrahepatic IVC, and the 
descending aorta is clamped while a Pringle is 
performed. This allows identifi cation of the 
injury for repair or shunting in a theoretically 
bloodless fi eld. It often results in arrest or severe 
shock as venous return to the heart is severely 

diminished, and outcomes are generally poor 
[ 8 ,  18 ,  21 ,  25 ].

18.6         Postoperative Management, 
Complications, and 
Outcomes 

 Mortality from abdominal vascular injuries 
remains high (20–60 %) and increases with 
increasing number of vessels injured and in the 

  Fig. 18.3    Ligation of the 
inferior vena cava (IVC) for 
an infrarenal IVC injury. IVC 
ligation can be considered for 
patients who are coagulo-
pathic or in shock       

  Fig. 18.4    Exposure of the 
retrohepatic inferior vena 
cava (IVC). Medial 
mobilization of the liver and 
partial hepatectomy have 
exposed the retrohepatic 
segment of the IVC. The 
right hepatic vein has been 
ligated. Clips have been 
placed on the short hepatic 
veins in order to control 
hemorrhage       
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presence of associated nonvascular injuries 
(Tables  18.3  and  18.4 ). Mortality has not changed 
signifi cantly over time despite advanced trauma 
systems and modern operative and ICU technolo-
gies. Mortality can be separated into early and 
late, with the majority of early deaths due to 
exsanguinations and late deaths due to multisys-
tem organ failure [ 46 ].

    Increased early mortality has been associated 
with shock (SBP ≤90 mmHg) on admission, aci-
dosis, hypothermia ( T  < 34 ° ), decreased Trauma 
Score, and need for either resuscitative thora-
cotomy or damage control procedures. Mortality 
is also increased by certain intraoperative and 
injury characteristics such as free intraperitoneal 
bleeding, need for transfusion greater than 10 
units of packed red blood cells, suprarenal loca-

tion of injuries, advanced American Association 
for the Surgery of Trauma Organ Injury Scale 
(AAST-OIS) grade, and increased Injury Severity 
Score (ISS) [ 3 ,  11 ,  12 ,  21 ].  

    Conclusion 

 Abdominal vascular injuries are associ-
ated with high morbidity and mortality, with 
patients  usually presenting in shock. Surgeons 
caring for trauma patients need to be knowl-
edgeable in techniques to access the major, 
named vascular structures within the abdo-
men. Important basic principles of vascular 
surgery such as gaining proximal and distal 
control of the injured vessel, repairing vessels 
without signifi cant narrowing of the vessel 
lumen, and when to consider patch angio-

   Table 18.3    Mortality in abdominal vascular injury and isolated named vessel injuries [ 6 ,  11 ,  12 ,  21 ,  22 ]   

 Study 
 Overall 
mortality (%)  IVC (%)  Portal/SMV (%)  Celiac (%)  SMA (%) 

 Paul et al. [ 11 ]  28.5  44  Portal 69  75  33 
 SMV 60 

 Allison et al [ 47 ]  20  36–64  Portal 50  NR  0 
 *   Pediatric 
 Eachempati et al. [ 22 ]  38.7  67  NR  NR  NR 
 Tyburski et al. [ 12 ]  45  57  Portal: 69  NR  51 

 SMV: 44 
 Davis et al. [ 9 ]  Artery 54  53.4  SMV: 29  NR  44 

 Vein 36 
 Asensio et al. [ 6 ]  54  70.1  Portal 100  50  48 

 SMV 53 
 Coimbra    et al. [ 8 ]  57  37  NR  NR  NR 

   IVC  inferior vena cava,  SMA  superior mesenteric artery,  SMV  superior mesenteric vein,  NR  not reported 
  *  study is of pediatric rather than adult patients  

   Table 18.4    Mortality stratifi ed by number of vessels injured [ 6 ,  11 ,  12 ,  21 ]   

 Study 

 Mortality  Mortality  Mortality  Mortality  Mortality 

 1 vessel (%)  2 vessels (%)  3 vessels (%)  4 vessels (%)  5 vessels (%) 

 Paul et al. [ 11 ]  21.4  35.1  62.5  0  100 
 Tyburski et al. [ 12 ]  33  56  59  100  NR 
 Asensio et al. [ 6 ]  45  60  73  100  100 
 Asensio et al. [ 15 ] 
(SMA) 

 50  33–67  75  NR  NR 

   NR  not reported  
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plasty versus interposition grafting are crucial 
in dealing with abdominal vascular injuries. 
Damage control techniques such as temporary 
intravascular shunting, knowledge of which 
vessels may be safely ligated, and tempo-
rary abdominal closure options are critically 
important in treating the severely injured, 
unstable patient.     
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19.1            Introduction 

 Despite numerous advances and refi nement in 
the care of trauma patients since the World War 
II, injuries to the iliac arteries remain highly 
lethal and diffi cult to treat [ 1 – 5 ]. The fi rst mod-
ern, published attempts at repair of major vascu-
lar injuries came during World War II. DeBakey 
and Simeone reported 2,471 arterial injuries, 
including 43 to the iliac arteries, the vast majority 
of which were treated with simple ligation in 
order to prevent fatal hemorrhage. Over the 
course of the war, they attempted 81 arterial 
repairs consisting of 78 lateral suture repairs and 
only three end-to-end anastomoses with a 49 % 
amputation rate [ 6 ]. During the Vietnam confl ict, 
advances in evacuation of injured personnel to 
forward surgical hospitals and increased avail-
ability of transfusion led to a better experience 
with these previously fatal injuries and a decrease 
in the amputation rate to 13 % [ 7 ]. 

 The overall incidence of wartime iliac artery 
injury has been relatively unchanged from World 
War II to the Iraq-Afghanistan confl icts of the 
past decade, ranging from 1.7 to 3.8 % [ 6 ,  8 – 11 ]. 
The incidence of penetrating iliac artery injury in 
the civilian setting, however, has risen from the 
mid-1980s to the present day, most  secondary 
to an overall increase of violence in urban 
 settings [ 10 ]. The overall incidence of penetrating 
iliac artery injury as the result of gunshot wounds 
is near 10 % in the urban, civilian setting. Injury 
from stab wounds accounts for 2 % of iliac artery 
injuries [ 1 ,  10 ,  12 ,  13 ]. 
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 Blunt injury represents approximately 5 % of 
all injuries to the iliac arteries [ 2 ]. Injury result-
ing from blunt trauma occurs more commonly in 
the internal iliac system, although blunt injuries 
to the common iliac arteries have been reported 
[ 14 – 16 ]. These injuries are thought to be the 
result of arterial stretching across bony structures 
within the displaced pelvis [ 17 ,  18 ]. Intimal dis-
ruption and resultant thrombosis are more com-
mon than transection [ 19 ,  20 ]. Patients with large 
atherosclerotic plaque burden are thought to be 
more likely to suffer these types of injuries [ 15 , 
 16 ,  21 ,  22 ]. 

 Associated venous injury is common in both 
mechanisms, complicating between 32 and 45 % 
of all iliac artery injuries [ 4 ,  23 – 25 ]. Concomitant 
injury to nearby visceral organs is common in 
penetrating trauma. The most frequent synchro-
nously injured organs are the small bowel, colon, 
and urinary bladder [ 4 ,  23 ,  26 ,  27 ]. As will be 
discussed later, injury to these structures often 
complicates the repair and makes the decision to 
use prosthetic grafts more diffi cult, but not 
impossible.  

19.2     Anatomy and Physiology 

19.2.1     Anatomy 

 The abdominal aorta bifurcates into the right and 
left common iliac arteries at the level of the 
fourth lumbar vertebrae. From there, each artery 
courses laterally and downwards to the level of 
the sacroiliac joint, where each again bifurcates 
into the internal (hypogastric) and external iliac 
artery. 

 Owing to the position of the abdominal aorta 
to the left of midline, the right common iliac 
artery is slightly longer than the left and crosses 
the fi nal lumbar vertebrae at a more oblique 
angle. Important structures that are at risk of con-
comitant injury are the inferior vena cava and 
right common iliac vein laterally and posteriorly, 
the cecum and terminal ilium anteriorly, and the 
ureter which courses lateral to medial, traversing 
the common iliac artery near the iliac bifurcation. 
Posteriorly, it is abutted by the fi fth lumbar 

 vertebral body and the psoas major muscle more 
laterally. In rare instances, the right common iliac 
artery is absent, and the right internal and exter-
nal iliac arteries arise directly from the abdomi-
nal aorta [ 4 ,  10 ,  24 ,  28 ]. 

 The left common iliac artery is shorter and 
courses laterally at a more acute angle than the 
right common iliac artery. The left common 
iliac artery runs anterior to the right common 
iliac vein proximally and lateral and anterior to 
the left common iliac vein more distally. Other 
structures which are at risk for concomitant 
injury include the sigmoid colon anteriorly and 
the left ureter, which lies anterior to the iliac 
bifurcation. Posteriorly and laterally, it is sup-
ported by the body of the fi nal lumbar vertebrae 
and the psoas major. Although more commonly 
shorter in length, it more commonly bifurcates 
into the internal and external iliac arteries 
lower down in the pelvis than its right counter-
part [ 4 ,  10 ,  24 ,  28 ]. 

 The internal iliac artery follows the line of the 
sacroiliac joint into the internal ring of the pelvis 
where it gives off the iliolumbar and lateral sacral 
arteries before dividing into an anterior and pos-
terior trunk. Arteries of the anterior trunk, includ-
ing the obturator, uterine, and internal pudendal 
arteries, arise just medial to the acetabula to sup-
ply visceral structures within the pelvis. 
Collateralization is typically excellent, through 
the inferior mesenteric artery via the superior 
hemorrhoidal arteries and by means of the uter-
ine, ovarian, and vesical arteries of the contralat-
eral side, such that ligation of a single, or even 
bilateral, internal iliac arteries for uncontrolled 
hemorrhage is generally well tolerated [ 4 ,  10 , 
 28 – 32 ]. Injuries that result in damage to the lum-
bar vertebrae, sacroiliac joints, or acetabula 
should raise suspicion for arterial injury of the 
internal iliac system [ 4 ,  10 ,  24 ,  28 ]. 

 The external iliac artery exits the abdomen 
and supplies arterial fl ow to the leg as the com-
mon femoral artery. Prior to crossing under the 
inguinal ligament, the external iliac artery gives 
rise to two potential sources for collateralization: 
the inferior epigastric and the deep circumfl ex 
iliac arteries. The inferior epigastric runs superi-
orly along the posterior surface of the rectus 
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abdominis muscle and joining the superior 
 epigastric artery. The deep circumfl ex iliac arter-
ies provide further collateral circulation with the 
last lumbar artery. While these areas of collater-
alization may prove of great importance to 
patients with chronic aortoilio-occlusive disease, 
they are generally too small to signifi cantly sup-
ply arterial fl ow to the lower extremity in the set-
ting of an acute vascular injury [ 4 ,  28 ,  33 ].  

19.2.2     Physiology 

 Many patients having suffered iliac arterial injury 
present to trauma centers in profound hemor-
rhagic shock [ 2 ,  4 ,  10 ,  23 ,  24 ,  26 ,  27 ,  31 ,  32 ,  34 ]. 
These patients represent a challenge not only due 
to the anatomic location of their injuries but also 
secondary to the profound metabolic derange-
ments resulting from massive blood loss. 
The aptly named “triangle of death,” acidosis, 
 hypothermia, and coagulopathy, have frustrated 
countless trauma surgeons and led to the devel-
opment of “damage control” techniques to mini-
mize operative time in such moribund patients 
[ 35 – 38 ]. 

 As expected, presenting physiologic parame-
ters predict outcomes. Cushman et al. reviewed 
the records of 53 patients with iliac vessel injury 
taken for emergent laparotomy. A signifi cant dif-
ference was found between preoperative and 
postoperative temperature and base defi cit among 
survivors as compared with non-survivors [ 26 ]. 
Other factors that were found to adversely infl u-
ence survival include the number of major vascu-
lar injuries, concomitant iliac venous injury, and 
injury to visceral structures [ 26 ]. 

 Haan et al. were able to quantify these obser-
vations and correlated overall survival for 
patients with iliac vessel injury to their associ-
ated Injury Severity Score (ISS). Those with a 
higher ISS had more complications and an over-
all decreased survival. Asensio et al. demon-
strated, not surprisingly, that as American 
Association for the Surgery of Trauma Organ 
Injury Scale (AAST- OIS) increased, survival 
sharply decreased from 65 % for grade III to 
21 % for grade V injuries [ 2 ,  34 ].   

19.3     Clinical Assessment 

 A high suspicion for iliac artery injury is neces-
sary in order to make a timely and potentially 
lifesaving diagnosis. Most (61–84 %) patients 
with iliac artery injury present to trauma centers 
in hemorrhagic shock [ 23 ,  27 ]. Patients with pen-
etrating injuries of the abdomen or pelvis, par-
ticularly to the lower abdomen or pelvis, with 
persistent hypotension despite resuscitation 
should be suspected of having an abdominal vas-
cular injury. The triad of abdominal distention, 
hypotension, and absent unilateral lower extrem-
ity pulses is virtually pathognomonic for iliac 
artery injury [ 10 ]. The presence of peripheral 
pulses does not, however, rule out iliac arterial 
injury, as up to 25 % of patients with iliac artery 
injury may have a palpable distal pulse on the 
side of injury [ 39 ,  40 ].  

19.4     Diagnostic Testing 

 When a high index for suspicion of iliac artery 
injury is present, operative intervention should 
not be delayed in order to obtain further diag-
nostic studies. In patients sustaining blunt 
trauma, anterior-posterior (AP) views of the 
pelvis obtained in the trauma bay may reveal 
pelvic fractures that should raise concern for 
iliac vessel injury [ 17 ]. Particular fracture pat-
terns are associated with a higher likelihood of 
iliac vessel injury. Patients with both anterior 
rami and sacroiliac joint injury have been 
reported to be at high risk for iliac vascular 
injury [ 4 ,  17 ,  18 ,  41 ,  42 ]. 

 Focused Assessment with Sonography for 
Trauma (FAST) examination may suggest iliac 
artery injury with positive pelvic windows. The 
absence of blood in the pelvis does not, however, 
rule out the possibility of iliac arterial injury, as 
retroperitoneal bleeding is poorly visualized with 
the FAST exam. 

 Angiography has become an important tool in 
the management of blunt iliac artery injury. 
Because of the diffi cult anatomic location and the 
high frequency of concomitant injury, endovas-
cular techniques have become the treatment of 
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choice for bleeding pelvic vessels that are the 
result of blunt trauma. While digital subtraction 
angiography (DSA) had been the preferred 
 diagnostic tool to detect pelvic arterial injuries 
resulting from blunt trauma, improvements in 
computed tomography angiography (CTA) in 
detecting both arterial and venous injury have led 
to a shift towards CTA for the initial diagnostic 
test in this patient population [ 43 ,  44 ]. 

 Advantages of CTA include the ability to 
obtain full-body imaging to assess for other inju-
ries, an ability to distinguish between arterial and 
venous injuries, and the ability to frequently dif-
ferentiate between ongoing bleeding and a stable 
pelvic hematoma. Modern CTA is able to detect 
arterial dissection, pseudoaneurysm, and arterio-
venous fi stula [ 45 ]. The most obvious disadvan-
tage of CTA is the lack of interventional 
capability.  

19.5     Initial Management 

 Initial management is focused on balanced resus-
citation and early diagnosis in the emergency 
department. Although defi nitive treatments of 
blunt and penetrating injuries differ, the initial 
establishment of adequate intravenous access and 
resuscitation does not. 

 Suspicion of iliac artery injury should lead to 
early activation of hospital protocols to make 
available adequate quantities of blood and blood 
products. If a massive transfusion is required, 
resuscitation according to massive transfusion 
protocols, with emphasis on preventing dilutional 
coagulopathy, has been shown to improve sur-
vival [ 46 – 48 ]. The placement of lower extremity 
venous lines for resuscitation should be avoided. 
Presence of concomitant iliac vein injury is com-
mon and may complicate attempted resuscitation 
efforts through ipsilateral femoral venous cathe-
ters [ 4 ]. In the absence of head injury, hypoten-
sive resuscitation should be considered, avoiding 
attempts to normalize blood pressure until defi ni-
tive control of bleeding is achieved. In patients 
requiring operative intervention, resuscitation 
should begin before, but not delay, transport to 
the operating room. 

 Methods to avoid the development of 
 hypothermia should be instituted. Use of intrave-
nous fl uid warmers and forced warm air heating 
devices should be instituted early and continued 
throughout treatment. Avoidance of hypothermia 
and associated coagulopathy and acidosis has 
become part of the “damage control” practice in 
the severely injured and begins before any 
 incision is made.  

19.6     Operative Management 

19.6.1     Endovascular Therapies 

 Patients with blunt iliac arterial injuries can 
frequently be best managed with endovascular 
techniques. The majority of patients found to 
have ongoing pelvic arterial bleeding on CTA 
require subsequent DSA-guided embolization 
[ 45 ]. Although this requires additional intra-arte-
rial contrast media, there is evidence to suggest 
that by defi ning the area of injury, CTA prior to 
DSA may reduce the total contrast requirement 
[ 49 ,  50 ]. Arterial bleeding resulting from pelvic 
fractures in blunt trauma typically arises from the 
internal iliac distribution. Embolic therapy for 
these injuries has become the preferred method 
of treatment, as surgical ligation can prove dif-
fi cult given the high degree of collateralization 
(Fig.  19.1 ). In addition, surgical ligation sacri-
fi ces some of the tamponade effect provided by 
the intact abdominal wall [ 45 ,  51 ]. When selec-
tive embolization of arterial bleeding fails, tem-
porary angiographic embolization of bilateral 
internal iliac arteries has been reported 97 % 
effective at controlling refractory bleeding with-
out ischemic complications [ 52 ].

   Large arterial wall defects may be amenable 
to endovascular stent-grafting with covered 
 stent- grafts in order to exclude the injured seg-
ment. Arterial access may be established through 
the ipsilateral or contralateral femoral system, as 
well as through an axillary approach. Delivery of 
stent-grafts typically requires relatively large 
arterial sheaths and may be made more diffi cult 
by calcifi cation of the potential access sites. In 
addition, adequate landing zones are required 
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proximally and distally to the area of injury in 
order to ensure correct stent placement and to 
avoid stent-graft migration. 

 Failure of endovascular attempts to control 
ongoing arterial hemorrhage requires surgical 
exploration. Temporary aortic occlusion balloons 
placed in the angiography suite may be used 
under such circumstances to slow the rate of 
hemorrhage while operative resources are mobi-
lized [ 10 ]. 

 The role for angiography in penetrating iliac 
arterial injury is limited. The majority of these 
patients present in hemorrhagic shock and with 
multiple other associated injuries which require 
immediate operative intervention [ 2 ,  10 ,  12 ,  13 , 
 23 ,  24 ,  26 ,  27 ,  34 ,  53 ]. While great advances in 
endovascular therapy have taken place over 
the past 20 years, most trauma centers still 
lack hybrid interventional-operative suites to 
attempt combined open and endovascular 
 treatment [ 10 ]. 

 Although fortunately a rare complication, 
iatrogenic injury to the iliac arteries most 
commonly occurs either as the result of lapa-
roscopic trocar insertion or pedicle screw place-
ment  during lumbar spine surgery. Successful 
placement of a covered, self-expanding, or 

 balloon- expandable endovascular stent-graft 
to exclude the site of injury has been reported 
[ 14 ,  54 ]. Unlike patients who suffer iliac artery 
injuries in the fi eld, these injuries occur in the 
operating suite and resuscitation can begin 
immediately, and the incidence of concomitant 
injury and physiologic derangement is low. 
Emergent transport to the angiography suite for 
endovascular treatment may be preferred over 
open management of these injuries in this par-
ticular patient population.  

19.6.2     Operative Treatments 

 Patients with penetrating injury require imme-
diate operative management. These patients, 
along with patients who have a blunt mechanism 
and indication for operation, should be brought 
to the operating room with adequate stores of 
blood and blood products immediately avail-
able. Normothermic measures should be contin-
ued throughout the operative period. The patient 
is placed in the supine position and is prepped 
and draped in the standard trauma fashion—
from chin to knees and to the OR table on the 
sides. Both axillae should be within the fi eld if 

a b

  Fig. 19.1    ( a ) Active extravasation ( arrow ) of contrast 
seen arising from a branch of the left internal iliac artery 
in a patient with multiple pelvic fractures after blunt 

trauma. ( b ) Successful coil embolization ( arrow ) of the 
bleeding vessel. Initial diagnosis of active bleeding was 
made with CTA       
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the need for axillofemoral bypass arises. A groin 
towel is placed with care not to obscure access 
to the  femoral arterial system on either side of 
the patient. Preoperative antibiotics should be 
 administered prior to incision. 

 Exposure begins through a midline laparot-
omy incision extending from the xyphoid to the 
symphysis pubis. Once the peritoneal cavity has 
been entered, packing of solid organ injuries 
should proceed along standard trauma principles. 
Presence of a zone III retroperitoneal hematoma 
in the setting of penetrating trauma is not uncom-
mon in patients with iliac arterial injury and 
requires exploration. If the iliac artery bleeds 
freely into the abdomen, direct manual compres-
sion to the artery lesion or proximal artery can 

stop bleeding until proximal and distal control 
can be achieved. 

 Exposure of the iliac system is best achieved 
through a left-to-right medial visceral rotation 
(Mattox maneuver) [ 55 ]. The peritoneal attach-
ments of the left colon are mobilized along the 
avascular line of Toldt, and the left colon is 
rotated medially to expose the aorta and iliac ves-
sels (Fig.  19.2 ). Alternatively, if injury to the 
right iliac artery is suspected, right-to left medial 
visceral rotation provides easy access to the right 
common and external iliac arteries. Care must be 
taken to avoid injury to the ureters during 
dissection.

   The discovery of massive hemorrhage on 
entering the abdomen requires immediate action 

Abdominal

aorta

Left common iliac

artery

  Fig. 19.2    Left-to-right 
medial visceral rotation 
(Mattox maneuver). 
Mobilization of the left colon 
along the line of Toldt 
provides excellent access to 
the abdominal aorta (Adapted 
from Lee and Bongard [ 4 ], 
with permission)       
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to attempt to gain proximal and distal control of 
the bleeding vessels. Temporary manual com-
pression of the distal aorta against the vertebral 
bodies and of the common femoral arteries just 
beyond the inguinal ligament may slow the rate 
of hemorrhage while formal proximal and distal 
control can be established [ 4 ,  24 ]. This is best 
achieved through pelvic vascular isolation either 
with vascular clamps or vessel loops. 

 Proximal control is obtained by carefully 
placing vascular clamps across the distal aorta 
and inferior vena cava proximal to their bifurca-
tions. Distal control is obtained by placing a 
 single clamp across the distal external iliac artery 
and vein bilaterally [ 4 ,  56 ,  57 ]. This maneuver 
allows for further identifi cation of areas of 
both arterial and venous injury. As injuries are 
identifi ed, the clamps are moved more near to the 
area of injury thus reestablishing fl ow to unin-
jured vessels. 

 Injury to the distal external iliac artery may 
require an inguinal incision to gain adequate dis-
tal control. This incision should be made longitu-
dinally and can be extended distally to transect 
the inguinal ligament if necessary. Alternative 
proximal control can be obtained by transecting 
the hepatoduodenal ligament and cross-clamping 
the supraceliac aorta. This not only compromises 
mesenteric and renal blood fl ow but also allows 
for greater collateral fl ow to the injured artery 
and should only be used as a temporizing mea-
sure while more proximal control can be obtained 
closer to the site of injury. 

 Once the area of injury has been identifi ed and 
isolated, devitalized tissue should be debrided to 
allow for a full assessment of the extent of injury 
and allow for proper choice of the type of repair 
that should be attempted. Simple disruptions 
involving less than 50 % of the circumference of 
the arterial wall may be closed primarily in a 
transverse fashion with interrupted polypropyl-
ene suture. Attempting primary repair of more 
extensive lesions may result in stenosis at the site 
of anastomosis. 

 Such lesions may be treated with excision 
of the injured segment and end-to-end 
 anastomosis. This should only be attempted if 
mobilization of the proximal and distal artery can 

provide for a tension-free repair. Distances 
greater than 1 cm are generally not amenable to 
end-to-end anastomosis [ 4 ]. Autologous saphe-
nous vein grafts are rarely large enough caliber 
for use in the iliac arteries [ 10 ]. Alternatively, 
autologous femoral vein may be used for interpo-
sition grafting of the iliac arteries [ 58 ,  59 ]. The 
femoral vein is typically of adequate diameter for 
interposition grafting of the iliac arteries. Unlike 
the saphenous vein, its length may be of concern 
should a particularly long segment of artery 
require excision. Either the ipsilateral or the con-
tralateral superfi cial femoral vein is chosen if 
concomitant injury is absent. Also, consider the 
likelihood of adequate venous outfl ow from the 
chosen donor leg if distal injuries are present. 
The proximal and distal superfi cial femoral vein 
is clamped and side branches are ligated. The 
homograft is then excised leaving adequate cuffs 
near both clamps for defi nitive closure of the 
venous stumps. Valves are stripped or the direc-
tion of the conduit is reversed before reanastomo-
sis. The interposition graft is placed using 
polypropylene sutures with care to avoid excess 
tension, torque, or redundancy. 

 If a tension-free repair cannot be accom-
plished with the available length of femoral auto-
graft, the use of polytetrafl uoroethylene (PTFE) 
grafts provides an excellent option for recon-
struction. These are typically readily available in 
most hospitals in various sizes. As compared 
with grafts for more distal arteries, the use of 
PTFE grafts in the iliac system has better primary 
and secondary patency rates [ 60 ]. An appropri-
ately sized PTFE graft is anastomosed  proximally 
and distally with 4-0 or 5-0 polypropylene suture. 
The clamps are fl ashed both proximally and dis-
tally to minimize thromboembolism prior to 
completing the anastomosis. Reconstruction of 
more complex injuries occurring near areas of 
bifurcation can be accomplished either with arte-
rial transposition or extra-anatomic bypass. 

 Arterial transposition involves removing the 
common iliac artery near the aorta, excising the 
injured segment, and reimplanting the arterial 
stump to the contralateral common iliac artery. 
This technique allows for tension-free repair of 
injuries occurring near the aortic bifurcation. To 
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accomplish this, the aortic cross-clamp is care-
fully placed immediately proximal to the aortic 
bifurcation. Vascular clamps are then placed 
across both common iliac arteries distal to the 
area of injury and with enough space on the con-
tralateral side to allow for easy reanastomosis. 
The injured vessel is divided near the aorta and 
the proximal iliac artery stump is closed with 3-0 
or 4-0 polypropylene suture in two layers 
(Fig.  19.3 ). The injured portions of the explanted 
artery are debrided, and an arteriotomy is made 
in the contralateral common iliac artery. The 
anastomosis is carried out with 4-0 or 5-0 poly-
propylene suture [ 4 ].

   Injuries to the external iliac artery near the 
iliac bifurcation can be repaired using the unin-
jured ipsilateral hypogastric artery as an interpo-
sition graft. Proximal control is obtained with a 
vascular clamp placed carefully across the proxi-
mal common iliac artery. Care must be taken dur-
ing this dissection to identify and protect the 
ureter as it crosses into the pelvis at the iliac 
bifurcation. Control of outfl ow may require a 

separate inguinal incision and division of the 
inguinal ligament should mobilization transab-
dominally fail to provide adequate length to per-
form a tension-free repair. The ipsilateral 
hypogastric artery is then mobilized and divided 
at the level of the middle hemorrhoidal artery [ 4 ]. 
The injured segment of the external iliac artery is 
then excised and both proximal and distal stumps 
are oversewn in two layers with polypropylene 
suture. The hypogastric artery is then reimplanted 
to the external iliac artery distal to the area of 
injury (Fig.  19.4 ).

   The advantage of such arterial transposition 
techniques is that they avoid the need for pros-
thetic material when operating in a contaminated 
fi eld. The most obvious drawback to such tech-
niques is that they require longer operative times 
and are more technically complex than either 
simple repair or prosthetic interposition grafting. 

 Concomitant injury to visceral or urologic 
structures is common [ 4 ,  12 ,  23 ,  26 ,  27 ]. The use 
of prosthetic material for vascular repair in the 
setting of abdominal contamination remains 

Left common iliac
artery

Left internal iliac artery

Left external iliac
artery

  Fig. 19.3    Two-layer closure 
of iliac arterial stump. 
Polypropylene suture is used 
to close the artery in a 
horizontal mattress stitch. 
A second running layer is 
imbricated over the distal 
arterial stump (Adapted from 
Lee and Bongard [ 4 ], with 
permission)       
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 controversial. In the largest series to date, Burch 
reported the use of prosthetic arterial interposi-
tion grafts in fi ve patients with associated 
colorectal injuries. Of these patients, there were 
no graft infections and all grafts remained patent 
without thrombosis [ 10 ,  23 ]. In the setting of vis-
ceral injury, thorough irrigation of the peritoneal 
cavity should precede any defi nitive vascular 
repair. The avoidance of prosthetic material in the 
setting of gross fecal contamination is reasonable 
as long as this decision does not signifi cantly 
lengthen the operative time or exceed the techni-
cal expertise of the surgeon. 

 Extra-anatomic revascularization with either 
femoral-femoral or axillofemoral bypass repre-
sents an additional option in the setting of gross 
contamination. These techniques have been long 
used in the non-trauma population in the setting 
of contamination; however, they are generally 
time-consuming and have lower long-term 
patency rates than local repairs [ 23 ]. In the major-
ity of patients with iliac artery injuries, extra- 
anatomic bypass should not be attempted at the 
initial operation and should be reserved for only 
those with signifi cant fecal contamination that 
makes the use of local prosthetic grafts 
suboptimal. 

 Attempts at defi nitive repair of iliac artery 
injuries at initial operation must be made 

 judiciously. Asensio and colleagues have 
 demonstrated a reliable set of variables, includ-
ing Injury Severity Score (ISS) ≥25, systolic 
blood pressure <70 mmHg, pH <7.10, or tem-
perature <34 °C, the presence of any which pre-
dict poor outcomes so a damage control approach 
is recommended [ 37 ]. Given the signifi cant phys-
iologic derangement often seen at initial presen-
tation, the use of damage control techniques, 
including temporary intravascular shunts (TIVS), 
should be utilized if patients demonstrate signifi -
cant acidosis or hypothermia [ 2 ,  23 ,  26 ,  61 ]. 

 The TIVS provides fast and reliable perfusion 
to the lower extremity in situations where liga-
tion would have previously been considered for 
uncontrolled hemorrhage in the unstable patient. 
The use of these synthetic shunts both controls 
hemorrhage and prevents critical limb ischemia. 
Whereas unilateral internal iliac artery ligation is 
generally well tolerated, ligation of the external 
iliac artery as a lifesaving maneuver results in 
limb loss in 50 % of patients, and there is an asso-
ciated 90 % overall mortality [ 6 ,  23 ,  62 ]. TIVS 
can range in complexity from small chest tubes 
or red-rubber catheters to heparin-bonded Argyle 
shunts designed for such a purpose. Selection of 
a device for TIVS should be based upon their 
rapid availability and arterial caliber. Shunts are 
placed after fi rst obtaining proximal and distal 

Left common iliac
artery

Right internal iliac artery

Right external iliac artery

  Fig. 19.4    Ipsilateral 
hypogastric arterial 
transposition is used to 
perfuse the lower 
extremity in patients with 
injuries to the proximal 
external iliac artery 
(Adapted from Lee and 
Bongard [ 4 ], with 
permission)       
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control of the injured segment. Thrombectomy 
is  performed with appropriately sized Fogarty 
balloons and the shunt is placed in the proximal 
artery. The shunt is then fl ushed with blood and 
placed in the distal artery. Both ends are secured 
using heavy silk ties [ 62 ]. Arterial clamps 
are then removed and blood fl ow to the distal 
extremity assessed by confi rming distal Doppler 
signals. Defi nitive repair is generally attempted 
24–48 h after initial operation once the patient 
has been adequately warmed and resuscitated. 
Fasciotomies should be performed in the distal 
leg anytime prolonged ischemia to the extremity 
is suspected. The specifi c order in which these 
multidisciplinary repairs should proceed is dis-
cussed elsewhere in this textbook.   

19.7     Postoperative Management 

 Patients with iliac arterial injuries or who have 
undergone iliac artery repair should be monitored 
initially in an intensive care setting. Peripheral 
pulses on the side of injury should be carefully 
monitored and documented. Suspicion of a devel-
oping compartment syndrome should prompt a 
return to surgery for fasciotomy. Particular atten-
tion should be paid to the fl uid status of these 
patients as most have suffered massive blood loss 
with varying degrees of resuscitation during 
treatment. Use of central venous catheters to 
monitor central venous pressure and guide ongo-
ing fl uid replacement is commonly indicated. 

 Routine systemic anticoagulation for patients 
who have undergone large-vessel (aorta, iliac) 
reconstruction is not indicated. For those patients 
who have undergone more distal bypasses, the 
use of systemic anticoagulants should be weighed 
against the risk of bleeding depending on what 
other injuries the patient has suffered. 

 For patients without hollow viscous or uro-
logic injury, standard perioperative antibiotic ther-
apy alone is warranted. Broad-spectrum antibiotic 
therapy is recommended for those with intestinal 
spillage or an open abdomen. For patients with 
gastrointestinal contamination and synthetic 
material used for reconstruction, prophylactic 
antibiotic therapy should be continued longer.  

19.8     Complications and Pitfalls 

 The vast majority of mortality associated with 
iliac artery injuries results from complications of 
hemorrhagic shock within the fi rst 24 h of 
injury [ 2 ,  23 ,  25 ,  26 ,  61 ,  63 ]. Failure to control 
 hemorrhage or to adequately resuscitate these 
frequently moribund patients leads to poor 
outcomes. 

 Vascular complications related to the repair of 
iliac artery injuries are dependent upon the type 
of repair. In the largest series to date, Burch et al. 
reported an overall arterial complication rate of 
10.5 % among patients surviving greater than 
24 h. In this series, a single patient undergoing 
end-to-end anastomosis experienced arterial 
thrombosis postoperatively. Four patients (25 %) 
treated with PTFE interposition grafts experi-
enced graft thrombosis; however, all grafts were 
successfully opened at a second operation. Four 
patients (67 %) treated with ligation of the com-
mon or external iliac artery with extra-anatomic 
bypass suffered arterial complications, including 
graft thrombosis (33 %), compartment syndrome 
(50 %), and ultimate amputation (50 %) [ 23 ]. It 
should be noted that this later group of patients 
had suffered signifi cantly greater blood loss and 
were much more likely to remain hypotensive 
following repair than in other treatment groups. 

 Other vascular complications following repair 
include aneurysmal dilatation or pseudoaneu-
rysm formation, arterial stenosis (leading to clau-
dication), arteriovenous fi stula formation, and 
graft infection. Avoidance of the former can be 
accomplished by carefully and appropriately siz-
ing patches as not to cause either stenosis or the 
potential for dilatation [ 1 ,  10 ,  11 ,  53 ,  64 ]. 
Pseudoaneurysms can typically be treated endo-
vascularly by exclusion with covered stents, even 
in the event of rupture [ 65 ]. 

 Graft infection, particularly under circum-
stances where grafts were placed in a contami-
nated fi eld, presents a challenging problem. 
Burch has described the use of PTFE for interpo-
sition grafting in fi ve patients with associated 
colorectal injuries, all of whom were treated with 
copious irrigation prior to graft placement and 
prophylactic antibiotic therapy. Of these fi ve 
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patients, there were four survivors and infections 
were prevented [ 23 ]. Antimicrobial therapy for 
graft infections is tailored to the specifi c organ-
ism. The duration of treatment is determined by 
the presence of septicemia or abscess, both of 
which require a minimum of 6 weeks of 
 therapy [ 66 ]. For chronic graft infections, treat-
ment options include explanting the infected 
device with extra-anatomic bypass or in situ 
exchange with antibiotic-bonded vascular grafts. 
Rifampin- bonded aortic grafts have shown some 
promise; however, their success has varied 
depending upon the infectious organism [ 67 ].  

19.9     Outcomes 

 Despite great advances in both the transportation 
of the injured and advanced trauma care, the over-
all mortality from iliac artery injuries remains 
between 24 and 40 % [ 4 ,  23 – 27 ,  34 ,  53 ,  61 ]. 
Ongoing hemorrhage represents the most com-
mon cause of death in the fi rst 24 h of injury [ 2 , 
 23 ,  25 ,  26 ,  61 ,  63 ]. For patients who present in 
extremis and require a damage control approach 
to initial operation, TIVS has largely replaced 
external iliac ligation, nearly eliminating the high 
rate of limb loss associated with this maneuver 
[ 6 ,  23 ,  62 ].  

    Conclusion 

 Injury to the iliac arteries remains a devas-
tating injury with signifi cant morbidity and 
mortality that continues to challenge trauma 
surgeons. Patients typically present in sig-
nifi cant metabolic disarray as a result of mas-
sive hemorrhage. Damage control techniques, 
including TIVS, should be employed for 
patients who are coagulopathic, hypother-
mic, or acidotic. Defi nitive arterial repair 
can be accomplished by various techniques, 
selection of which should depend upon the 
extent and location of injury. Penetrating 
injury typically requires open repair, whereas 
most blunt  injuries are today amenable to 
endovascular therapies. Early communica-
tion between the trauma surgeon, vascular 
surgeon, and  interventional radiologist is 

necessary. Fasciotomies should be strongly 
considered in patients with injury to the com-
mon or  external iliac arteries or in patients 
with crush injury in order to avoid develop-
ment of  compartment syndrome.     
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20.1            Introduction 

 Iliac vein injuries are some of the most lethal 
injuries in trauma surgery and are among the 
most challenging injuries managed by trauma 
surgeons. Given their anatomic position deep in 
the pelvis, injuries to the iliac veins are rare, but 
are diffi cult to isolate and repair when they occur. 
Furthermore, iliac vessel injuries are frequently 
complicated by uncontrolled hemorrhage and 
multiple associated injuries. Therefore, surgeons 
must be able to diagnose iliac vein injuries 
quickly and have an understanding of iliac vessel 
anatomy and physiology.  

20.2     Background/Epidemiology 

 During World War I, World War II, and the 
Vietnam War, the incidence of iliac vessel injury 
ranged from 0.4 to 2.6 % [ 1 ]. In the civilian arena, 
iliac vein injuries are frequently seen in major 
urban trauma centers with an incidence of 5.0 % 
of trauma patients with major cardiac or vascular 
injuries [ 2 ]. The incidence of iliac vein injuries is 
increasing, and damage to iliac veins has been 
discovered in up to 20 % of abdominal vascular 
trauma [ 3 ]. Injury to the iliac vein is seen mostly 
with penetrating trauma from gunshot wounds, 
followed by penetrating trauma from stab wounds 
[ 4 ]. Although less frequent, damage to the iliac 
veins can occur with blunt trauma. Between 10 
and 25 % of iliac vein injuries occur secondary to 
blunt injury [ 5 ,  6 ]. While penetrating injury is 
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most frequently seen in young male patients, 
blunt injury is more commonly seen in older 
patients with an even distribution between men 
and women [ 1 ,  6 ,  7 ]. Iliac vein injuries are at least 
as common as iliac artery injuries and may occur 
either as an isolated injury or in combination with 
iliac artery injury [ 8 ,  9 ]. With penetrating trauma, 
iliac venous injury most commonly involves the 
common iliac vein (41 %) followed by the exter-
nal iliac vein (27 %) and the internal iliac vein 
(16 %) [ 7 ].  

20.3     Anatomy/Physiology 

 The iliac veins provide a critical role in venous 
drainage from the lower extremities and pelvis. 
The iliac vessels are located in the pelvic retro-
peritoneum and are therefore relatively protected, 
explaining why injuries to the iliac vessels are 
infrequent but often lethal. The surgeon must 
have a functional understanding of the anatomic 
relationship of the iliac arterial and venous sys-
tems to perform a repair. The right and left com-
mon iliac veins converge to form the inferior 
vena cava at the level of the fi fth lumbar verte-
brae below the level of the aortic bifurcation and 
directly posterior to the right common iliac artery. 
The common iliac vein forms from the confl u-
ence of the internal and external iliac veins. The 
left common iliac vein passes posterior to the 
right common iliac artery, and the right common 
iliac vein travels inferiorly to the right iliac artery 
to reside medially to the right external iliac artery 
(Fig.  20.1 ). The external iliac vein travels with 
the external iliac artery and is a continuation of 
the common femoral vein as it passes under the 
inguinal ligament to drain the lower extremity. 
The internal iliac vein (also called the hypogas-
tric vein) forms from a coalescence of pelvic 
veins, including the gluteal vein, internal puden-
dal vein, and obturator veins joining pelvic 
venous plexuses and sacral veins to drain blood 
from the pelvis and surrounding tissue. The right 
iliac vessels are located near the terminal ileum 
and cecum, while the left iliac vessels are near 
the sigmoid colon. The ureters cross anteriorly 
over the external iliac artery and vein just distal 
to the iliac bifurcation and must be identifi ed and 

protected during exploration. Collateral fl ow to 
the iliac vein includes transpelvic collaterals 
(anastomosis of the hemorrhoidal veins to the 
superior hemorrhoidal veins of the inferior mes-
enteric vein, opposite sides of the gonadal veins, 
and sacral veins) and paravertebral collaterals.

   Given the anatomically protected location of 
the iliac vessels, injuries with enough force to 
cause iliac vessel injuries are frequently compli-
cated by associated damage to surrounding 
organs [ 1 ]. Many patients will have more than 
one vascular injury and may have combined arte-
rial and venous injuries. In patients with penetrat-
ing trauma to the iliac vein, 34–57 % will have a 
concomitant injury to the iliac artery [ 4 – 6 ,  10 ]. 
Associated nonvascular injuries occur in almost 
all patients and most frequently include the small 
bowel, colon, bladder, and ureter (Table  20.1 ).

IIA

EIA

CIA
CIV

A
or

ta

IV
C

IIV

EIV

  Fig. 20.1    Normal anatomy of the iliac arteries and veins. 
 IVC  inferior vena cava,  CIV  common iliac vein,  EIV  exter-
nal iliac vein,  IIV  internal iliac vein,  CIA  common iliac 
artery,  EIA  external iliac artery,  IIA  internal iliac artery       

   Table 20.1    Associated injuries with iliac vein injury   

 Small bowel  46.4–77.6 % 
 Colon  24.0–57.1 % 
 Bladder  6.1–10.2 % 
 Ureter  3.9–10.1 % 
 Liver  1.7–12.0 % 
 Kidney  1.1–4.1 % 
 Pelvic fracture  1.1–6.7 % 

  From Burch et al., Wilson et al., Oliver et al., and Haan 
et al. [ 5 – 7 ,  10 ]  
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20.4        Clinical Assessment 

 On initial evaluation, patients are often hypoten-
sive and tachycardic secondary to blood loss fol-
lowing either penetrating or blunt trauma. Full 
exposure is required to identify penetrating inju-
ries. With blunt trauma, the diagnosis is espe-
cially challenging but is often associated with 
pelvic fractures. The most critical component to 
patient survival is rapid recognition of hemor-
rhagic shock and rapid transport to a trauma cen-
ter with notifi cation of the trauma surgery team.  

20.5     Diagnostic Testing 

 Laboratory testing frequently demonstrates mild 
acidosis and anemia [ 5 ]. If the diagnosis of iliac 
vessel injury is delayed, the patient will become 
progressively more acidotic, anemic, and coagu-
lopathic. Iliac vein injuries can present with 
retroperitoneal hematoma, free intraperitoneal 
hemorrhage, or both. The Focused Assessment 
with Sonography for Trauma (FAST) exam is com-
monly employed in most major trauma centers to 
detect major intra-abdominal free fl uid with over 
90 % sensitivity and specifi city reported in initial 
studies [ 11 ]. However, controversy exists as more 
recent studies have suggested that the FAST exam 
has a much lower sensitivity for detecting intra-
abdominal bleeding, highlighting the importance 
for continued clinical evaluation of the patient 
even if the FAST is negative [ 12 ]. In regard to the 
iliac vessels, the FAST exam is not sensitive for 
retroperitoneal hemorrhage or pelvic evaluation in 
the setting of a pelvic fracture [ 13 ,  14 ]. The retro-
peritoneum is best evaluated with CT scanning in 
hemodynamically stable patients and laparotomy 
in hemodynamically unstable patients. If an iliac 
vessel injury is initially suspected, a FAST may be 
performed as it has minimal morbidity, is quickly 
performed, and may detect free intra-abdominal 
hemorrhage. However, if the FAST is equivocal 
or does not correspond with the patient’s hemo-
dynamic status, consideration should be given to 
diagnostic peritoneal lavage (DPL), the less inva-
sive technique of diagnostic peritoneal aspiration, 
or early laparotomy to detect intra-abdominal 
bleeding [ 12 ].  

20.6     Initial Treatment 

 In the emergency department, hemorrhagic shock 
must be promptly diagnosed with notifi cation of 
the trauma surgical team. Large-bore intravenous 
access should be obtained along with arterial 
blood pressure monitoring to guide resuscitation 
measures. Hypotensive resuscitation should be 
employed in the absence of head injury, avoiding 
a normal blood pressure until hemostasis is 
achieved [ 15 ,  16 ]. As the pelvis can accommo-
date signifi cant hemorrhage from vessels unable 
to be easily compressed, avoidance of clot dis-
ruption is essential. Early use of blood, plasma, 
and platelets is required in patients in whom there 
is a high likelihood of massive transfusion.  

20.7     Blunt Trauma 

 Although injury to iliac veins from blunt pelvic 
trauma is uncommon, blunt iliac vein injuries 
occur and are highly lethal. Vascular injuries with 
blunt trauma are frequently seen in the setting of 
pelvic fractures as the iliac vessels stretch over the 
bony pelvis. Wilson et al. reported only one inci-
dent of blunt trauma in their series of 49 patients 
with iliac vein injuries [ 10 ]. However, a higher 
incidence of iliac vein injury has recently been 
reported in patients following blunt trauma with 
pelvic fractures [ 17 ]. Iliac vein injuries are most 
commonly found in patients with pelvic fractures 
who do not improve after pelvic compression or 
arteriography with transarterial embolization. 
Pelvic compression with fracture reduction by 
an external fi xator or a wrapping with a bed-
sheet can tamponade minor venous bleeding 
and decrease pelvic volume (Table  20.2 ) [ 18 ]. 
Angiography with transarterial embolization is a 
highly effective and safe method of controlling 
arterial bleeding from pelvic fractures that are 
diffi cult to manage with surgery [ 19 ]. However, 
neither pelvic fi xation nor transarterial emboliza-
tion can effectively manage injuries to the iliac 
veins due to their size and location. To compli-
cate the issue, injury to the iliac veins has also 
been reported in the absence of a pelvic fracture 
[ 20 ]. Therefore, a high index of clinical suspi-
cion must be maintained for iliac vein injury in 
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patients with blunt trauma who do not respond 
appropriately to resuscitation. A multidisci-
plinary approach involving all members of the 
trauma team should be involved in determining 
the proper order of care, procedure selection, 
using the optimally positioned incisions, and 
coordinating overall care.

   The algorithm for pelvic fractures associated 
with hemorrhagic shock is pelvic compression 
with a bedsheet or a commercially available 
device, with early transfusion of red blood cells, 
plasma, and platelets. If the patient does not 
respond appropriately, angiography is performed 
to evaluate the iliac and pelvic arteries. If the 
patient continues to decompensate despite arte-
rial embolization, the patient is rapidly taken to 
the operating room for exploratory laparotomy. 

 The role of diagnostic venography following 
angiography but prior to laparotomy has been 
evaluated [ 17 ]. In a review of 11 patients with 
pelvic fractures that failed pelvic compression 
and angiographic embolization, signifi cant 
venous extravasation from the iliac veins was 
identifi ed in 9 patients (82 %). These patients 
were then treated with laparotomy ( n  = 1, no sur-
vivors), retroperitoneal gauze packing ( n  = 3, 1 
survivor), or endovascular stent placement ( n  = 3, 
3 survivors). The remaining two patients died 
prior to treatment. The authors concluded that 
venography is a useful tool to diagnose iliac vein 

injury and identify the site of hemorrhage. In 
patients who remain hemodynamically unstable 
following blunt pelvic injury despite pelvic com-
pression and arterial embolization, venography 
should be considered in an effort to diagnose and 
treat major iliac vein trauma.  

20.8     Iatrogenic Injury 

 In addition to trauma, iliac vein injury is a known 
complication of anterior exposure for spine 
 surgery with an incidence of approximately 
4 % [ 21 ]. Anterior exposure of L4–L5 or L5–S1 
vertebral levels requires mobilization of the iliac 
vessels to access the underlying spine. The left 
common iliac vein is the most dorsally located 
and the most likely to be injured during anterior 
spinal exposure [ 22 ]. Injuries are more likely to 
occur in patients with soft tissue infl ammation 
(such as osteomyelitis, osteophyte formation, and 
previous anterior spine surgery) that causes the 
overlying blood vessels to be relatively fi xed in 
position and more challenging to dissect. The 
majority of injuries to the iliac vein are avulsed 
branches of the left common iliac vein or com-
mon iliac vein lacerations [ 23 ]. Large injuries are 
amenable to suture repair, while smaller injuries 
may be treated by suture repair or topical hemo-
static agents.  

   Table 20.2    Out-of-hospital vascular clamps in control of junctional bleeding of the groin   

 Name  Combat ready clamp 
 Abdominal aortic 
tourniquet 

 Junctional emergency 
treatment tool  SAM junctional tourniquet 

 Nickname  CRoC  AAT  JETT  SJT 
 Maker  Combat Medical 

Systems 
 Compression Works  North American 

Rescue Products 
 SAM Medical Products 

 City, state  Fayetteville, NC  Hoover, AL  Greer, SC  Wilsonville, OR 
 510(k) date  8/11/10  10/18/11  1/3/13  3/18/13 
 FDA number  K102025  K112384  K123194  K123694 
 NSN  6515-01-589-9135  6515-01-616-4999  6515-01-616-5841  Pending 
 Cost ($ USD, 
est. USG) 

 450  475  220  279 

 Weight (gm)  799  485  651  499 
 Cube (L)  0.8  1.4  1.6  1.5 
 Indication  Battlefi eld, diffi cult 

inguinal bleeds 
 Battlefi eld, diffi cult 
inguinal bleeds 

 Diffi cult inguinal 
bleeds 

 Diffi cult inguinal bleeds, pelvic 
fracture immobilization 

   USG  federal government,  NSN  National Stock Number,  FDA  Food and Drug Administration,  USD  United States dollar, 
 est.  estimated  
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20.9     Operative Management 

 An unstable trauma patient with an iliac vein 
injury is best treated by rapid recognition and 
operative repair. In the operating room, the patient 
should be prepared from thighs to chin. As asso-
ciated vascular injuries are common, the patient’s 
legs should be prepared for potential saphenous 
vein harvest. A standard trauma midline lapa-
rotomy is performed with temporary packing 
of all four quadrants for hemostasis. Mesenteric 
sources of bleeding are controlled with suture 
ligation. A large retroperitoneal hematoma 
extending to the pelvic brim will usually be the 
fi rst sign of iliac vessel injury. Exposure of the 
iliac vessels requires dividing the avascular line 
of Toldt of both the right and left colon to refl ect 
both sides of the colon medially with a combina-
tion of blunt and sharp  dissection [ 24 ]. Proximal 
and distal control of the vessel is paramount but is 
frequently challenging to obtain due to the large 
associated retroperitoneal hematomas. Burch 
et al. describe a method of total pelvic vascular 
isolation that can be employed when no clear 
source of hemorrhage can be identifi ed: the aorta, 
right and left external iliac arteries and veins, and 
the inferior vena cava are sequentially occluded 

with clamps to limit pelvic  circulation [ 7 ]. When 
the hematoma extends deep into the pelvis or 
there is suspected injury to the distal external 
iliac vessels, distal control is best established 
through a separate groin incision overlying the 
femoral vessels [ 25 ]. The inguinal ligament can 
be divided and later repaired, if necessary. 

 Following pelvic vascular isolation, bleed-
ing may continue from the internal iliac ves-
sels, requiring direct tamponade. As the 
dissection progresses, the clamps are advanced 
progressively closer to the injury until the 
injury is isolated with no back bleeding. 
Occasionally, the right common iliac artery or 
either internal iliac artery must be divided for 
adequate exposure of the iliac vein (Fig.  20.2 ). 
Division of the arterial system is needed when 
there is any injury to the confl uence of the com-
mon iliac veins behind the right common iliac 
artery or to the junction of the internal and 
external iliac veins behind the internal iliac 
arteries. Division of the iliac arteries is uncom-
fortable for the surgeon to perform but can 
decrease the overall morbidity to the patient by 
improving exposure, speeding hemorrhage con-
trol, and allowing faster vein repair. Following 
venous repair, the artery can be reanastomosed. 

A
or

ta

IV
C

CIA

EIA

CIV

EIV

IIA

IIV  Fig. 20.2    Division of the 
right common iliac artery 
reveals an injury to the right 
common iliac vein facilitat-
ing repair       
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Since the internal iliac vein can be ligated 
 without signifi cant consequence, it may be sac-
rifi ced to facilitate repair of the main iliac ves-
sels. Once control of the source of hemorrhage 
is obtained and the patient is hemodynamically 
stable, temporary repair of enteric defects and 
removal of gross spillage should be accom-
plished prior to fi nal vascular repair. The bowel 
may then be packed out of the fi eld with intent 
to return for defi nitive repair at a later time.

   If an iliac vein injury is suspected, the veins can 
be compressed by a sponge stick or fi nger com-
pression until the overlying arterial system is fully 
mobilized. Attempts to clamp the iliac vein prior 
to adequate dissection can result in an injury to the 
posterior wall of the iliac vein and an even more 
challenging repair [ 26 ]. Given the potential for 
venous injury with passage of the clamp posterior 
to the vein, alternative methods have been 
described, including the passage of endovascular 
balloons from either groin to occlude the origin of 
the common iliac vein and distally in the external 
iliac vein [ 27 ]. Endovascular balloon occlusion 
does not require an angiographic table and can be 
performed under direct visualization and palpa-
tion. The endovascular occlusion technique allows 
improved visualization of the injury because there 
are fewer instruments in the operative fi eld. After 
the injury is isolated and vascular control is 
achieved, the vein should be locally irrigated with 
heparinized saline to remove thrombus. 

 Iliac vein injuries can be treated with repair or 
ligation. Repair with lateral venorrhaphy, patch 
venoplasty, or direct end-to-end anastomosis is 
preferred over ligation. Venous repair allows con-
tinued venous drainage and decreased incidence 
of postoperative lower extremity edema [ 7 ,  25 ]. 
Lateral venorrhaphy can be performed with 4-0 
to 6-0 monofi lament suture with attention given 
to narrow the vein as little as possible. Since the 
walls of the vein are delicate, minimal force must 
be applied. If the injury is not amenable primary 
venorrhaphy, patch venoplasty can be consid-
ered with harvested saphenous vein [ 25 ]. Patch 
venoplasty with saphenous vein graft is an autog-
enous graft that will not narrow the iliac vein, 

but this procedure does require additional time to 
harvest and prepare the saphenous vein. Rarely, 
end-to- end iliac vein anastomoses can be per-
formed, but tension on the anastomosis must be 
avoided. If the injury is more complex and not 
amenable to simple suture repair or a tension-
free anastomosis, an interposition graft may be 
used. Autogenous graft material is preferred to 
synthetic material due to better patency rates. 
Autogenous options include saphenous vein, 
basilic vein, internal jugular vein, or femoral 
vein [ 28 ]. If the diameter of the vein is insuffi -
cient, panel grafts and spiral grafts may be con-
structed from saphenous vein wrapped around a 
chest tube of desired diameter [ 29 ]. Preparation 
of panel and spiral grafts is time-consuming 
and may not be suitable during emergent repair. 
Synthetic interposition grafts with PTFE have 
been reported but have poor patency rates and are 
associated with chronic lower extremity edema 
[ 30 ,  31 ]. Synthetic grafts have been safely used 
in cases with associated intestinal injuries with-
out subsequent graft infection [ 4 ]. Therefore, 
if autogenous graft material is not available, a 
 synthetic interposition graft should be utilized. 

 If vascular repair cannot be promptly per-
formed, temporary vascular shunts may be used 
to provide temporary continuation of venous 
blood fl ow until the vein can be defi nitively 
repaired. From the military trauma experience in 
Iraq, vascular shunts have been successfully used 
as a temporizing measure until the patient could 
undergo repair at a central hospital [ 32 ]. 
Impressively, Rasmussen et al. reported that all 
temporary venous shunts remained patent with-
out thrombosis until patients could undergo 
defi nitive repair [ 32 ]. 

 An alternative method of repair is ligation of 
the injured iliac vein. Many groups advocate liga-
tion of the injured iliac veins over venorrhaphy 
because ligation is the most rapid method of 
repair and is associated with minimal long-term 
postoperative complications [ 1 ,  5 ,  10 ,  24 ]. 
Ligation should be considered in patients with 
severe hemodynamic instability secondary to 
hemorrhage, extensive local injury, or massive 
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contamination. Ligation is performed with 
 nonabsorbable suture. 

 Following vascular repair or ligation, the peri-
toneum should be closed over the repair when 
feasible for a layer of protection. The abdomen 
should be irrigated copiously with warmed saline 
with antibiotic irrigation and temporarily closed, 
while the patient is taken to the intensive care 
unit for further resuscitation with correction of 
acidosis and coagulopathy. Time should not be 
taken to defi nitively repair associated injuries to 
the bowel or urologic system. Defi nitive repair of 
associated injuries can be performed in 24–48 h 
during the second-look operation.  

20.10     Postoperative Management 

 Postoperatively, patients with injuries to the com-
mon or external iliac veins should have their legs 
elevated with elastic compression to alleviate 
edema until they are ambulatory. For isolated 
venous injuries, fasciotomies are not needed. 
Intraoperative blood loss is extensive, averaging 
over 5–6 L per patient [ 1 ,  7 ]. Therefore, attention 
must be paid to maintain core body temperature 
and avoid hypothermia.  

20.11     Complications 

 A complicated postoperative course should be 
expected following iliac vessel repair due to the 
severity of the injury leading to iliac vein dam-
age. The most common complications include 
coagulopathy, arrhythmias, hypothermia, and 
acidosis due to hemorrhage and massive blood 
transfusion. Specifi cally related iliac vessel com-
plications following repair include infection 
(17 %), multiple system organ failure (11 %), 
deep venous thrombosis (7 %), and arteriovenous 
fi stula (3 %) [ 1 ]. Amputations are not common 
with venous injury but may be required if there is 
a combined arteriovenous injury. Lower extrem-
ity edema is relatively common in the immediate 
postoperative period and is more common in 

patients treated with venous ligation than with 
lateral suture repair. Fortunately, the majority of 
patients treated with ligation have resolution 
of their edema within 1–3 months. The incidence 
of chronic venous insuffi ciency following liga-
tion varies, with some groups reporting intracta-
ble edema or venous insuffi ciency with leg 
ulceration in 8–21 % of patients treated with liga-
tion and other groups reporting no signifi cant 
edema following ligation [ 5 ,  7 ,  10 ]. Resolution of 
edema is possible due to the extensive collateral 
network of veins. With such an extensive collat-
eral system, ligation of the inferior vena cava can 
even be tolerated with a low incidence of long-
term swelling [ 33 ]. Lateral suture repair of the 
iliac vein has a lower incidence of edema than 
ligation with an incidence of approximately 3 %. 
Those patients with edema following lateral 
suture repair should expect resolution within 1 
month of discharge. 

 The occurrence of a deep venous thrombosis 
(DVT) following iliac vein repair is 3.0 % with-
out therapeutic anticoagulation [ 7 ]. Due to the 
risk of continued hemorrhage from associated 
injuries, prophylactic anticoagulation is often 
held until the patient can be stabilized. There is a 
concern for thrombosis to form at the site of 
repair following lateral venorrhaphy, and 
 pulmonary emboli have rarely been reported [ 7 ]. 
Venous ligation is also associated with a risk of 
venous thrombosis from decreased blood fl ow, 
which may result in pulmonary embolization 
[ 4 ,  34 ]. Overall, there does not appear to be a dif-
ference in terms of the risk of pulmonary emboli 
between ligation and lateral suture repair. 
Regarding isolated repair of the internal iliac 
vein, DVT and postoperative swelling are infre-
quent regardless of the method of repair.  

20.12     Endovascular Treatment 

 Endovascular attempts at repair of iliac venous 
injuries are not widely reported because most 
patients with iliac vessel injury arrive in shock 
and are taken directly to the operating room [ 35 ]. 
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Patients in shock are best treated in the operating 
room rather than on the angiography table. 
However, laparotomy with retroperitoneal expo-
sure for iliac vein injury is technically challeng-
ing, and the retroperitoneal incision can release 
the tamponade and may increase venous bleeding 
that will obscure the surgical fi eld. Therefore, the 
concept of the hybrid operating room with com-
bined capability for angiographic and open pro-
cedures is useful in managing trauma patients 
with signifi cant vascular injury. In a hybrid oper-
ating room, endovascular techniques, such as 
stenting, can supplement open techniques to seal 
the vein from the vessel lumen while maintaining 
the effect of the tamponade. 

 Venography for evaluation of the iliac veins 
following pelvic fracture was fi rst described in 
1970 to assist with diagnosis [ 36 ]. Since that 
time, the fi eld of endovascular surgery has pro-
gressed dramatically and is now able to offer 
multiple therapeutic options. Pelvic venography 
can be performed through the injection of 
40–50 cc of contrast via transfemoral access 
with a 9-Fr catheter sheath with a balloon occlu-
sion catheter in the inferior vena cava. The bal-
loon is infl ated just above the confl uence of the 
common iliac veins and contrast is infused 
through a side port [ 17 ]. With this method, all 

iliac veins, including the internal iliac veins, 
may be evaluated. If extravasation is seen, the 
injury may be treated with endovascular emboli-
zation or stent placement. Embolization may be 
performed to treat injuries to the internal iliac 
vein with no signifi cant sequelae due to the 
extensive network of pelvic collateral veins 
(Fig.  20.3 ). Covered stents have also been used 
to treat spontaneous iliac vein rupture and iliac 
vein injury secondary to blunt trauma [ 37 ]. Once 
contrast extravasation is seen on diagnostic 
venography, a hydrophilic soft-tip wire (such as 
a glide wire) can be carefully advanced into the 
inferior vena cava with covered stents placed to 
extend from the common iliac vein to the exter-
nal iliac vein. When covered stents are unavail-
able, uncovered stents can successfully treat iliac 
vein injuries (Fig.  20.4 ) [ 17 ,  18 ]. Uncovered 
stents improve venous fl ow and pressure second-
ary to relieving the narrowing of the vein due to 
the external compressing hematoma [ 38 ]. 
Despite being uncovered, the stents achieve 
hemostasis because the venous system is a low-
pressure system. For sizing, stents are oversized 
by 10–20 %, as most patients are hypovolemic 
and hypotensive at stent placement. Following 
stent placement, patients are placed on oral aspi-
rin for life.

a b c

  Fig. 20.3    Contrast angiography demonstrating right internal iliac vein injury with delayed extravasation of contrast 
( a ,  b ) treated with Amplatzer plug ( c )       
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20.13         Outcomes 

 Iliac vein injuries carry both a high mortality rate 
due to exsanguination and a high morbidity rate 
from associated injuries to the bowel and ureters. 
The cause of death after iliac vein injury differs by 
penetrating and blunt mechanisms. As expected, 
the predominant cause of death following pen-
etrating trauma is refractory hemorrhagic shock; 
most deaths are within the fi rst 24 h. The severity 

of shock on patient arrival is directly correlated 
with patient outcomes. Patients with persistently 
low systolic blood pressures (<100 mmHg) or 
core body temperature (<34 °C), those requiring 
massive blood transfusions, or those requiring 
resuscitative thoracotomy are all at increased risk 
of death [ 7 ,  8 ,  10 ]. All of these risk factors serve 
as markers of the severity of hemorrhagic shock. 
Injuries to the common or internal iliac vein are 
associated with a higher mortality than injury 

a

c

b

  Fig. 20.4    ( a ) Contrast venography of the left exter-
nal iliac vein demonstrates disruption with contrast 
extravasation. ( b ) Following endovascular placement of 

 uncovered stent, ( c ) venography demonstrates resolution 
of  extravasation. (From Sofue et al. [ 38 ] with permission)       
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to the external iliac vein [ 8 ]. Combined injury 
to both the iliac artery and vein carries a higher 
mortality than isolated arterial or venous injury 
[ 4 ,  7 ]. Isolated venous injuries have a mortality 
of 20–45 %, while combined arterial and venous 
injuries carry a mortality of 43–67 % [ 1 ,  7 ,  9 ,  10 , 
 24 ]. In contrast to penetrating trauma, mortality 
following blunt trauma occurs after 24 h and is 
secondary to infection and multisystem organ 
failure [ 6 ].  

    Conclusions 

 Iliac vein injuries present a challenge to diag-
nose and manage. Early diagnosis of iliac vein 
injuries is paramount to patient survival. The 
surgeon must have a high level of clinical sus-
picion for iliac vein injury following blunt 
trauma if the patient continues to be hypoten-
sive following otherwise adequate resuscita-
tion, pelvic stabilization, and transarterial 
embolization. Patients with penetrating injury 
require immediate operative management, 
with iliac vessel injury suspected with a 
wound inferior to the umbilicus. Iliac veins 
may be repaired or ligated with a low inci-
dence of long-term swelling and venous insuf-
fi ciency. Endovascular adjuncts are becoming 
more popular with the adoption of hybrid 
operating rooms and may provide a means to 
lower patient mortality and morbidity, 
although there is less data in iliac vein injuries 
compared to success rates with iliac arterial 
injury.     
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21.1            Introduction 

    The kidneys, ureters, and bladder (KUB), 
together with the urethra, constitute an anatomi-
cally and physiologically contiguous urinary sys-
tem. However, such organ injuries have very 
distinct epidemiology, clinical presentation, 
management, and outcomes following trauma. 
For practical purposes therefore, the clinical con-
siderations regarding trauma to the vasculature of 
these organs and other retroperitoneal structures 
are examined separately.  
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21.2     Kidney 

21.2.1     Background/Incidence/
Epidemiology 

 Injuries to the renal vasculature (renovascular 
injuries) are relatively uncommon, but when they 
do occur, they require expeditious diagnosis and 
management because of the relatively high mor-
bidity and mortality that result. The mortality rate 
is between 19 and 44 %, although associated 
injuries are common and severe hemorrhagic 
shock from these other injuries may be the cause 
of death [ 1 ,  2 ]. Most renovascular injuries are due 
to penetrating rather than blunt trauma [ 3 – 5 ]. 

 While renal injuries are said to occur in about 
1.2 % of trauma cases in the USA, the overall inci-
dence of renovascular injuries in the adult trauma 
population is put at 2.5–5 % of all renal injuries 
[ 3 – 5 ]. The specifi c incidence of renovascular inju-
ries reported in the literature depends on the mech-
anism of injury, the blood vessel involved (renal 
artery or vein), the grade of renal injury, and the age 
group under consideration (adult vs. pediatric). 

 Bruce et al. retrospectively examined 36, 938 
blunt trauma admissions over a 15-year period 
and estimated the incidence of blunt renal artery 
injury (BRAI) to be about 0.08 % [ 6 ]. In that 
study, the mean age of subjects was 32 years, 
most were female (64 %), motor vehicle crash 
was the cause of injury in 80 % of cases, and 
associated injuries, mainly to the spleen (50 %) 
and liver (43 %), were frequent. Knudson et al. in 
a multicenter study involving six level I trauma 
centers evaluated 89 patients with renovascular 
injuries and grades IV or V American Association 
for the Surgery of Trauma (AAST) renal injuries 
(Table  21.1 ) and estimated their mean age to be 
30 years, with 51 % of these injuries resulting 
from penetrating trauma [ 7 ,  8 ]. Most (54 %) of 
these patients presented to the emergency depart-
ment in shock. Associated injuries were present 
in almost 90 % of the patients, with 77 % of those 
with grade IV renal injuries and 72 % with grade 
V injuries having concomitant abdominal inju-
ries. In the pediatric population, the incidence of 
renovascular injuries and grades IV or V renal 
injuries ranges from 9 to 31 % [ 8 – 15 ].

21.2.2        Anatomy/Physiology 

 The kidneys are a pair of bean-shaped retroperi-
toneal organs located in the paravertebral gutters, 
between the transverse processes of T12 and L3 
vertebrae, having an average weight of 150 g in 
the male and 135 g in the female. The dimensions 
of the healthy kidney vary considerably, an aver-
age estimate being: length of 10 cm, width of 
7 cm, and thickness of 3 cm [ 16 ,  17 ]. 

 The right and left renal arteries, which provide 
blood supply to the right and left kidneys, respec-
tively, are primary branches of the abdominal 
aorta. Each renal artery sequentially branches 
into the segmental arteries, interlobar arteries, 
arcuate arteries, and interlobular arteries. The 

   Table 21.1    AAST kidney injury scale   

 Kidney injury scale 

 Grade a  
 Type of 
injury  Description of injury 

 I  Contusion  Microscopic or gross 
hematuria, urologic studies 
normal 

 Hematoma  Subcapsular, nonexpanding 
without parenchymal 
laceration 

 II  Hematoma  Nonexpanding perirenal 
hematoma confi rmed to renal 
 Retroperitoneum 

 Laceration  <1.0 cm parenchymal depth 
of renal cortex without 
urinary 
 Extravasation 

 III  Laceration  <1.0 cm parenchymal depth 
of renal cortex without 
collecting system rupture or 
urinary extravagation 

 Laceration  Parenchymal laceration 
extending through renal 
cortex, medulla and 
collecting system 

 IV  Vascular  Main renal artery or vein 
injury with contained 
hemorrhage 

 V  Laceration  Completely shattered kidney 
 Vascular  Avulsion of renal hilum 

which devascularizes kidney 

   a Advance one grade for bilateral injuries up to grade III 
 From Moore et al. [ 83 ]; with permission     
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interlobular arteries are end arteries that give rise 
to the afferent arterioles. The renal glomeruli are 
formed from the latter and play a dominant role 
in renal ultrafi ltration. The glomeruli drain into 
the efferent arterioles which eventually give rise 
to peritubular capillaries. Filtered blood from 
these capillary networks fl ows into the interlobu-
lar veins, arcuate veins, interlobar veins, and 
fi nally the renal veins. The renal veins drain into 
the inferior vena cava. 

 The physiological functions of the kidneys 
include removal of excess salt, water, and meta-
bolic wastes, blood pressure regulation through 
the renin-angiotensin-aldosterone system, regu-
lation of blood pH, control of red blood cell syn-
thesis through the production and release of 
erythropoietin, and regulation of calcium 
 homeostasis through the production of 1, 
25- dihydroxycholecalciferol [ 18 ]. These func-
tions are severely compromised in acute or 
chronic renal failure.  

21.2.3     Clinical Assessment 

 Diagnosis of renovascular injuries on the basis 
of clinical assessment alone is diffi cult. While 
hematuria – gross or microscopic – is the com-
monest clinical presentation, it is absent in 
about 18–36 % of patients [ 3 ,  4 ,  19 ]. Depending 
on the severity of injury and blood loss, affected 
patients may also present with symptoms and 
signs of hemorrhagic shock. However, signs of 
hemorrhagic shock are not specifi c for any 
injury type. Since associated injuries are com-
mon and attention is often diverted to these, the 
diagnosis of renovascular injuries is commonly 
delayed, and a high index of suspicion is neces-
sary [ 2 ].  

21.2.4     Diagnostic Testing 

 In patients with renovascular injury, diagnostic 
studies are frequently not done preoperatively, as 
these patients often have other renal and nonre-
nal injuries that require immediate surgery [ 3 ]. 
When the clinical conditions of the patient allow, 

i.e., if the patient is hemodynamically stable, 
several imaging options are available. Every 
attempt should be made to image both kidneys, 
as the degree of functionality of both kidneys 
may affect the defi nitive treatment options 
chosen. 

21.2.4.1     Computerized Tomography 
(CT) Scan 

 Abdominal contrast-enhanced CT scan, particu-
larly the helical type, has a relatively high accu-
racy when used for the diagnosis of renovascular 
injuries [ 6 ]. Its advantages include its rapidity, 
noninvasiveness, and ability to diagnose associ-
ated injuries [ 3 ]. Renal artery occlusion mani-
fests on CT as “lack of enhancement or excretion 
often in the presence of normal renal contour, rim 
enhancement, central hematoma, and abrupt cut-
off of an enhancing renal artery” [ 3 ]. The fi nd-
ings in renal venous injuries are similar (central 
hematomas, renal enhancement, and intact renal 
contours) but typically show anterior displace-
ment of the renal hilum and parenchyma [ 3 ].  

21.2.4.2     Angiography 
 Although angiography is invasive and time con-
suming compared to CT, it may be more specifi c 
for defi ning the exact location and degree of vas-
cular injuries [ 20 ]. It is indicated when, in the 
absence of a CT scan, intravenous urography 
(IVU) shows no visualization of the kidneys, the 
common causes of nonvisualization being total 
avulsion of the renal vessels, renal artery throm-
bosis, and severe contusion causing major 
 vascular spasm [ 20 ]. It is also indicated if pedicle 
injury is suspected and the fi ndings on CT are 
equivocal [ 20 ].  

21.2.4.3     Intravenous Urography 
 Prior to the advent of CT, IVU was commonly 
the initial imaging modality for renal trauma, its 
major fi nding being nonfunction of the affected 
kidney [ 3 ,  20 ]. However, nonfunction is not 
peculiar to renovascular injuries – in one study, 
out of 53 % with unilateral renal nonvisualiza-
tion, only 40 % had injury to the renal pedicle [ 3 , 
 21 ]. Therefore, whenever CT is available, it 
should be the preferred diagnostic technique.  
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21.2.4.4     Renal Scintigraphy 
 Renal scintigraphy can be used to evaluate the 
renal vasculature when CT is unavailable or if the 
patient is allergic to iodinated contrast material 
[ 20 ]. It provides a quantitative assessment of 
renal blood fl ow and renal function, although this 
is rarely used in the acute trauma discovery phase 
of care [ 7 ].  

21.2.4.5     Urinalysis 
 In the patient with renovascular trauma, urinal-
ysis may show gross or microscopic hematuria. 
Although hematuria is neither sensitive nor 
specifi c for renovascular trauma, fi ndings of 
gross hematuria or fi ndings of microscopic 
hematuria in the presence of shock mandate 
interrogation of the genitourinary system to 
exclude injury [ 20 ].  

21.2.4.6     Serum Creatinine 
 For a trauma patient evaluated within 1 h of 
injury, the serum creatinine concentration 
obtained is a refl ection of prior renal function, 
and an elevated level indicates pre-injury renal 
pathology [ 20 ]. Whatever the case, it is important 
to establish a baseline value, as serial measure-
ment of creatinine will be required for patients 
with renovascular trauma.   

21.2.5     Initial Management (ER) 

 As mentioned earlier, patients with renovascular 
trauma often have associated injuries. Therefore, 
as is this case with any other trauma patients, ini-
tial management in the emergency room should 
follow the basic principles of Advanced Trauma 
Life Support (ATLS), combined with sophisti-
cated thinking and prioritization of injury man-
agement. During the primary survey, the airway 
must be kept patent and the cervical spine stabi-
lized (if cervical spine injury is suspected), 
breathing and ventilation must be assured, the 
patient must be examined for signs of hemor-
rhagic shock and appropriately treated, and ongo-
ing bleeding must be controlled. In renal trauma, 
control of hemorrhage may require immediate 

surgical exploration. Having an operating room 
with imaging capabilities, especially CT scan, is 
particularly useful in these circumstances as they 
can aid rapid diagnosis. In the unlikely event that 
CT scan is not readily available, an IVU should 
be considered if the patient has gross hematuria 
[ 20 ]. However, the limitations of the IVU men-
tioned earlier should be borne in mind when this 
option is chosen.  

21.2.6     Defi nitive Management 

 The Eastern Association for the Surgery of 
Trauma (EAST) reviewed the published litera-
ture on management of renovascular injuries and 
concluded that there was insuffi cient data to 
make any recommendations regarding manage-
ment of renovascular trauma [ 22 ]. The treatment 
options described below are based on the avail-
able studies on the literature. Clinical outcomes 
and the factors that affect them are described in a 
subsequent section. Options for defi nitive man-
agement of renovascular trauma depend on the 
type of injury and the time of presentation, and 
include the following (Tables  21.2  and  21.3 ) [ 7 ]:
      1.    Observation   
   2.    Renal angiography with arterial embolization   
   3.    Vascular repair: primary vascular (arterial or 

venous) repair or revascularization with arte-
rial bypass   

   4.    Partial nephrectomy/parenchymal repair   
   5.    Immediate (total) nephrectomy    

21.2.6.1      Observation 
 In certain scenarios, observation can play a role 
in the management of renovascular injuries [ 23 ]. 
These scenarios include venous thrombosis with 
two kidneys present, segmental arterial injury, 
arterial thrombosis with two kidneys present, 
arterial intimal injury with two kidneys present 
(Fig.  21.1 ), or a delayed presentation with a non-
functional kidney. Nephrectomy may be required 
in these cases, though it is rarely indicated acutely 
[ 23 ]. It may be necessary if the patient develops 
either subsequent infectious or hypertensive 
complications.
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21.2.6.2        Renal Angiography with 
Arterial Embolization 

 There are a few case series that have described 
the use of angiography with arterial embolization 
for treatment of renovascular injuries. This option 
is used when the primary problem is arterial 
bleeding in a hemodynamically normal patient. 
In one study, all fi ve patients with renovascular 
injuries underwent superselective arterial embo-
lization, bleeding was controlled without recur-
rence, and serum creatinine concentration 
returned to pre-injury values within 10 days [ 24 ]. 
Similar results were obtained in another series 
with six patients [ 25 ]. The small sample sizes in 
these and other studies make outcome of this 
treatment option uncertain, and further studies 
are needed to defi ne the exact group of renovas-
cular trauma patients that would benefi t from this 
technique.  

21.2.6.3     Vascular Repair 
 Vascular repair is one of the “renal preservation 
strategies” and is especially indicated if a patient 
has a solitary kidney or in cases of bilateral renal 
injuries [ 7 ,  26 – 31 ]. Repair can be done primarily 
or by use of a bypass graft. Outcomes following 
repair are described below subsequently. The 
majority of authors suggest that success of arte-
rial reconstruction depends on the duration and 
degree of ischemia and presence or absence of 
accessory renal arteries providing collateral 
fl ow, with irreversible damage occurring when 
the warm renal ischemia time exceeds 2 h [ 2 , 
 32 ]. A lack of relationship between outcome and 
time to defi nitive surgery is also reported, 
because the time of warm ischemia that is toler-
ated is so short [ 7 ]. This is the primary consider-
ation when deciding whether to undertake an 
interventional or observational approach to renal 
injury.  

   Table 21.2    Operative management of retroperitoneal 
hematomas after blunt abdominal trauma   

 Location  Approach 

 Midline 
supramesocolic 

 Open hematoma a  

 Midline 
inframesocolic 

 Open hematoma a  

 Lateral Perirenal  Do not open if preoperative 
IVP; ultrasound or CT reveals 
reasonably intact kidney 

 Paraduodenal  Open hematoma a  to rule out 
duodenal (bile staining, 
crepitus) perforation 

 Pericolonic  Open hematoma to rule out 
colonic injury, if not associated 
with pelvic hematoma 

 Pelvic  Do not open if pelvic fracture is 
present, rate of expansion is 
slow, arterial pulsations intact 
in groins, and urethrogram and 
cystogram are normal 

 Portal and 
retrohepatic portal 

 Open hematoma to rule out 
injury to common bile duct or 
portal vein a  

 Retrohepatic  Controversial. Do not open in 
stable patient if not obvious 
active hemorrhage after hepatic 
injury treated 

  Modifi ed from Feliciano [ 85 ] 
  a After obtaining proximal and, if possible, distal vascular 
control  

   Table 21.3    Operative management of retroperitoneal 
hematomas after penetrating abdominal trauma   

 Location  Approach 

 Midline 
supramesocolic 

 Open hematoma a  

 Midline 
inframesocolic 

 Open hematoma a  

 Lateral Perirenal  Open hematoma a , unless 
preoperative CT allows for 
careful staging of renal 
parenchymal injury 

 Paraduodenal  Open hematoma a  
 Pericolonic  Controversial. No major 

structures located here, but 
steady bleeding from lumbar 
vessels or muscular branches 
has been a cause of 
reoperation 

 Pelvic  Open hematoma a  
 Portal and 
retrohepatic portal 

 Open hematoma a  

 Retrohepatic  Controversial. Do not open in 
stable patient if no obvious 
active hemorrhage after hepatic 
injury treated 

  Modifi ed from Feliciano [ 85 ] 
  a After obtaining proximal and, if possible, distal vascular 
control  
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21.2.6.4     Partial Nephrectomy/
Parenchymal Repair 

 Partial nephrectomy/parenchymal repair has both 
been used in the management of renovascular 
injuries [ 7 ]. The segmental vascular supply of the 
kidney makes this feasible, as one segment can 
be removed without compromising the functions 
of the other segments.  

21.2.6.5     Immediate (Total) 
Nephrectomy 

 Immediate nephrectomy can be used as the pri-
mary treatment modality in severe renovascular 
injury of the grade IV/V variety. It is also indi-
cated when there is failure of vascular repair with 
either infectious or hypertensive complications 
resulting from the nonfunctional kidney. 

 The operative approach to the vasculature of 
the right kidney usually requires a Cattell- 
Braasch maneuver (right medial visceral rota-
tion) for exposure of the kidney, renal vessels, 
and associated right-sided retroperitoneal vascu-
lar structures. For the left kidney and vascular 
structures, a Mattox maneuver (left-sided medial 
visceral rotation) is usually undertaken. These 

approaches are used for addressing renal vascular 
injuries or when a partial nephrectomy is to be 
done. The primary technical consideration for 
total nephrectomy is whether vascular control is 
obtained prior to entering Gerota’s fascia and 
mobilizing the kidney. From a practical stand-
point, this is usually dictated by the patient’s 
hemodynamic status. In patients with rapidly 
expanding hematomas, it is usually most expedi-
tious to enter Gerota’s fascia, quickly mobilize 
the kidney, and control the bleeding with manual 
pressure or clamps once the kidney and renal vas-
culature are mobilized. If the patient’s hemody-
namic status allows, the approach above to the 
renal vessels preserves the option of a partial 
nephrectomy.   

21.2.7     Postoperative Management 
(Including Rehabilitation/
Follow-Up) 

21.2.7.1     Follow-Up Imaging Studies 
 These may include abdominal CT scan, 
 angiography, or renal scintigraphy [ 7 ]. Renal 
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2 kidneys2 kidneys

2 kidneys 2 kidneys

Solitary
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(delayed only if necessary)

Thrombectomy

Arterial Injury
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  Fig. 21.1    Algorithm for the conservative management of renovascular injuries.  Top . Venous injuries.  Bottom . Arterial 
injuries (Santucci and Fisher [ 23 ]. With permission of The Journal of Trauma Injury, Infection, and Critical Care)       
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scintigraphy provides a quantitative assess-
ment of renal function, especially when 
attempts have been made to salvage the kid-
neys [ 7 ,  33 ]. The patient with renal dysfunc-
tion becomes symptomatic when renal function 
drops below 25 %. When renal function drops 
below 10–15 %, dialysis is required to sustain 
life [ 34 ].  

21.2.7.2     Serial Measurement 
of Blood Pressure 

 Blood pressure monitoring helps to detect the 
onset of renovascular hypertension. If this occurs, 
it may be controlled with medication but ulti-
mately often requires nephrectomy.  

21.2.7.3     Serum Chemistry 
 Serial measurement of serum creatinine and elec-
trolytes is important to monitor renal function. 
However, if the patient has one normal kidney, 
the serum creatinine may not change even with 
no function of the contralateral kidney, so this 
must not be used as the sole measure to follow 
renal function.   

21.2.8     Complications and Pitfalls 

21.2.8.1     Renovascular Hypertension 
 The incidence of posttraumatic renovascular 
hypertension in the literature ranges from 3.2 to 
50 %, with the true incidence reported to be close 
to about 5 % [ 7 ,  37 – 42 ]. Several explanations 
have been proposed to describe the mechanism of 
hypertension following renovascular trauma, 
including renal artery stenosis or occlusion 
resulting from thrombosis, compression, or an 
intimal fl ap, as well as the development of a 
restrictive fi brous capsule around the traumatized 
kidney that compresses the renal parenchyma 
and limits normal blood fl ow [ 35 ,  37 ,  43 ]. Both 
of these result in activation of the renin-
angiotensin- aldosterone system, with subsequent 
salt and water retention and widespread vasocon-
striction of arterioles. Intractable renovascular 
hypertension is amenable to nephrectomy, and 
surgery may be the optimal treatment option 
[ 7 ,  19 ,  44 – 47 ].  

21.2.8.2     Diminished Renal Function 
 Renal dysfunction may be reversible or may 
progress to acute or chronic renal failure. Serial 
measurement of serum creatinine is extremely 
insensitive to changes in renal function of the 
injured kidney in the presence of a normal con-
tralateral kidney.   

21.2.9     Outcomes 

 Post-injury renal function with poor outcome 
was defi ned by Knudson et al. as any of the fol-
lowing [ 7 ]:
•    Renal failure (defi ned as requiring dialysis or 

serum creatinine ≥2 mg/dL)  
•   Renal scan showing less than 25 % function of 

the injured kidney  
•   Post-injury hypertension requiring medication  
•   Delayed nephrectomy, i.e., nephrectomy per-

formed greater than 24 h after injury but dur-
ing the index hospitalization    
 Similar clinical outcome measures have also 

being used by other investigators [ 34 ]. 
 Factors affecting outcome include:

    Mechanism of Injury : Knudson et al. showed that 
patients with blunt renovascular injuries were 
about 2.29 times more likely to have a poor 
outcome compared to those with penetrating 
injuries [ 7 ].  

   Type of Vascular Repair : In the same study, for 
patients with grade IV injuries, outcomes 
were signifi cantly worse in patients who had 
arterial repairs compared to those with venous 
repairs [ 7 ]. Other studies have supported this 
fi nding [ 48 ].  

   Grade of Renal Injury : For those with grade IV 
injuries, outcomes were signifi cantly better 
in those who had a partial nephrectomy or 
parenchymal repair, compared to those who 
had a total nephrectomy [ 7 ]. For those with 
grade V injuries, outcomes were signifi -
cantly better in those who had immediate 
nephrectomy, compared to those who under-
went arterial repair and those who had no 
renal surgery. In fact, in patients with grade 
V injuries, attempts at arterial repair or 
bypass were 15 times more likely to result in 
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a poor outcome, compared with immediate 
nephrectomy.  

   Age : Some investigators have reported that 
immediate nephrectomy (85.7 % good out-
comes) and arterial repairs (66.7 % good out-
comes) produce the best results in the pediatric 
population with grades IV and V renal injuries 
[ 7 ]. In this study, 40 % of children treated 
expectantly, i.e., nonoperatively, had a poor 
outcome. However, recent evidence suggests 
that in children with unilateral renovascular 
injury treated with either nephrectomy or 
renal preservation, the outcomes were compa-
rable, providing a strong argument for renal 
preservation [ 34 ].      

21.3     Ureter 

21.3.1     Background/Incidence/
Epidemiology 

 Like renovascular injuries, injuries to the ureters 
are relatively rare. Injuries to the blood vessels 
that supply the ureters do not occur in isolation 
from ureteral injuries themselves. Therefore, a 
snapshot of ureteral trauma is provided, with spe-
cifi c highlights of vascular considerations as 
applicable. This chapter focuses on ureteral 
injury due to external trauma rather than iatro-
genic injuries. 

 The incidence of ureteral injuries from exter-
nal trauma is estimated to range from less than 
1 % to about 2.6 % of all genitourinary injuries, 
with blunt trauma accounting for about 61.5 % 
of cases and penetrating trauma accounting for 
the remaining 38.5 % [ 49 ,  50 ]. Siram et al. 
reported mortality rates of 6 % for penetrating 
trauma and 9 % for blunt trauma, although 
these differences were not statistically signifi -
cant [ 49 ]. In that study, penetrating trauma 
patients had a higher incidence of vascular inju-
ries (38 %). In patients with penetrating trauma, 
the most commonly injured vessels were the 
iliac vein (18 %), iliac artery (10 %), and the 
inferior vena cava (7 %), whereas, in the blunt 
trauma subset, the iliac artery (6 %), renal 
artery (4 %), and renal vein (3 %) were the most 

commonly injured. Therefore, in the evaluation 
of any patient with ureteral trauma, a careful 
search for associated blood vessel injury should 
be carried out. Alternatively, and more com-
monly, the surgeon is operating for major vas-
cular injury of the iliac or renal vessels, and 
after control of the vascular injuries, the sur-
geon is obliged to evaluate the ureter adjacent 
to the vascular injury.  

21.3.2     Anatomy/Physiology 

 The ureters are a pair of tubular structures com-
posed largely of smooth muscles that convey 
urine from the kidneys to the bladder where it is 
stored prior to micturition. In the adult, the ureter 
is about 25 cm in length and has a diameter of 
about 3 mm [ 51 ]. The ureter is retroperitoneal, 
with the upper half located in the abdomen, 
where it exits the kidney from the renal pedicle, 
and the lower half located in the pelvis, where it 
enters the bladder at an oblique angle. The ureter 
receives multiple blood supplies. The abdominal 
part is supplied by branches from the renal artery, 
the abdominal aorta, and the gonadal artery, 
whereas the pelvic part is supplied by the com-
mon iliac artery, internal iliac artery, inferior 
vesical artery (in the male), or uterine artery (in 
the female) [ 51 ]. The veins draining the ureter 
generally correspond to the arteries. The peristal-
tic actions of the ureteral smooth muscles help to 
actively convey urine from the kidney to the blad-
der. Refl ux in the opposite direction is normally 
prevented by the oblique angling of the ureter as 
it enters the bladder.  

21.3.3     Clinical Assessment 

 The diagnosis of ureteral injury is easy to miss as 
there are no specifi c symptoms or signs associ-
ated with it. Hematuria, the classic symptom of 
urinary tract injury, is present in only 50 % of 
patients with ureteral injury [ 20 ,  52 ]. Therefore, 
the diagnosis should be suspected in every patient 
with penetrating abdominal injury, especially 
those due to gunshot wounds and blunt trauma 
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with sudden deceleration trauma in which the 
kidney and renal pelvis can be torn away from the 
ureter [ 20 ,  53 ]. As the later mechanism can also 
result in renovascular injuries, these should be 
actively sought [ 8 ].  

21.3.4     Diagnostic Testing 

 Imaging techniques that can help to establish the 
diagnosis of ureteral injury include intravenous 
urography, retrograde pyelography, and ureteral 
catheterization [ 53 ]. CT scan, when used in the 
evaluation of the patient with abdominal trauma 
can also aid in the diagnosis and when combined 
with contrast, is the investigation of choice [ 20 , 
 54 ]. The diagnosis can also be made in the 
absence of imaging when the patient’s clinical 
condition warrants immediate laparotomy [ 20 ]. 
Urinalysis is not particularly useful, as hematuria 
may be absent in up to half of affected patients. 
As in all cases of urinary system trauma, serum 
creatinine levels should be obtained.  

21.3.5     Initial Management (ER) 

 As discussed under the initial management of 
renovascular injuries, the emphasis when a 
patient with ureteral injury is fi rst evaluated in the 
emergency room is to follow ATLS principles 
and ensure a patent airway with C-spine stabili-
zation (if indicated), ensure that breathing and 
ventilation are adequate, and ensure that hemor-
rhage control is achieved. Only after these should 
a more defi nitive repair of ureteral injury be car-
ried out.  

21.3.6     Operative Management 

 Operative management of ureteral injury depends 
on the grade of injury. Grades I and II lesions can 
be managed with ureteral stenting or by place-
ment of a nephrostomy tube to divert urine [ 20 , 
 55 ]. For injury of higher grades, repair is indi-
cated and the type of repair is determined by the 
site of injury, as shown below [ 20 ,  53 ]:

•     Upper third 
 –    Ureteroureterostomy  
 –   Transureteroureterostomy  
 –   Ureterocalycostomy     

•    Middle third 
 –    Ureteroureterostomy  
 –   Transureteroureterostomy  
 –   Boari fl ap and reimplantation     

•    Lower third 
 –    Direct reimplantation  
 –   Psoas hitch  
 –   Blandy cystoplasty     

•    Complete ureteral loss 
 –    Ileal interposition (delayed)  
 –   Autotransplantation (delayed)       

 The damage control maneuver is always to 
intubate the proximal ureter with a red rubber 
catheter (or similar) and externalize it to the skin 
as a “tube ureterostomy.” Defi nitive repair can be 
undertaken once physiologic derangement has 
been corrected.  

21.3.7     Postoperative Management 
(Including Rehab/Follow-Up) 

 Postoperatively, intravenous urography or ret-
rograde pyelography can be used to assess for 
urinary leak. Ultrasonography may be used to 
monitor the patient for the development of 
hydronephrosis, while renal scintigraphy can 
be used to quantitatively assess renal function 
[ 54 ]. Serum creatinine levels are also used to 
monitor patients for early signs of renal failure. 
The frequency and duration of follow-up 
depends on the severity of injury and the 
 specifi c operative procedure, but may be up to 
1 year [ 54 ].  

21.3.8     Complications and Pitfalls 

 The complication rate after repair of traumatic 
ureteral injury is estimated at 25 % [ 49 ,  56 ,  57 ]. 
Possible complications of ureteral trauma and 
subsequent repair include urinary leak (present-
ing as urinoma, abscess, or peritonitis), ureteral 
stricture, hydronephrosis, and renal dysfunction 
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[ 20 ,  54 ,  58 ]. Adequate follow-up and appropriate 
management are crucially important.  

21.3.9     Outcomes 

 In patients who are under surgery to repair the 
ureter after trauma, outcomes depend on the spe-
cifi c procedure, time to defi nitive diagnosis, and 
the presence of associated injuries [ 59 ]. Time to 
diagnosis affects the extent of renal dysfunction, 
underscoring the need to maintain a high index of 
suspicion.   

21.4     Bladder 

21.4.1     Background/Incidence/
Epidemiology 

 Injuries to the bladder account for about 2 % of all 
genitourinary injuries that require surgical repair 
[ 60 ]. Blunt trauma is a more common cause of 
bladder injury than penetrating trauma (67–86 % 
vs. 14–33 %) [ 20 ,  60 – 62 ]. It is estimated that 
70–90 % of all patients with bladder injuries have 
associated pelvic fractures [ 20 ,  61 ,  63 ,  64 ]. This 
association is important because pelvic fracture is 
a major cause of additional bleeding. Therefore, 
any patient with evidence of bladder injury must 
be expeditiously evaluated for signs of hemor-
rhagic shock. Traumatic bladder rupture due to 
blunt mechanism may be classifi ed as either 
extraperitoneal with leakage of urine limited to 
the perivesical space, or intraperitoneal, in which 
there is disruption of the peritoneal surface with 
urinary extravasation [ 20 ].  

21.4.2     Anatomy/Physiology 

 The bladder is a pear-shaped retroperitoneal 
organ that is located within the bony pelvis. 
When distended, it projects into the abdomen, 
making it more susceptible to trauma. It is 
bounded anteriorly by the pubic symphysis, 
superiorly by coils of small intestine and the 
 sigmoid colon, laterally by the levator ani and 

obturator internus muscles, and posteriorly (in 
the male) by the rectum, vasa deferentia, and 
seminal vesicles or (in the female) by the supra-
vaginal part of the cervix [ 65 ]. The bladder con-
nects inferiorly with the urethra through the 
bladder neck, which is its narrowest part. Both 
the internal and external urethral sphincters regu-
late the fl ow of urine from the bladder. 

 The blood supply of the bladder is through the 
superior and inferior vesical arteries, which are 
branches of the internal iliac artery, while it is 
drained by a plexus of veins (the vesical plexus) 
that empties into the internal iliac vein [ 65 ]. The 
bladder stores urine until the micturition refl ex is 
activated. Usually, this occurs when it is distended 
to its maximum capacity of about 500–600 mL.  

21.4.3     Clinical Assessment 

 Gross hematuria and abdominal tenderness are 
the commonest manifestation of bladder trauma, 
occurring in about 82 and 62 %, respectively, of 
affected patients [ 20 ,  61 ]. Patients may also pres-
ent with diffi culty or inability to void [ 66 ]. 
Physical examination fi ndings include abdominal 
distension and signs of peritoneal irritation (guid-
ing, rigidity, tenderness, rebound tenderness) 
[ 66 ]. A high-riding prostate indicates disruption 
of the bladder and proximal urethra [ 66 ]. There 
may also be evidence of a pelvic fracture.  

21.4.4     Diagnostic Testing 

  Cystography  is the gold standard for the diagnosis 
of bladder injury, with an accuracy of 85–90 % [ 20 , 
 66 ]. An initial plain fi lm is taken, followed by 
another fi lm after the about 300–400 mL of contrast 
has been injected into the bladder via the ureter. A 
post-drainage fi lm is taken thereafter. Some authors 
recommend taking a fi lm after about 100 mL of 
contrast has been injected [ 66 ]. Extravasation of the 
contrast indicates bladder rupture. 

  Intravenous urography  ( IVU ) has a low accu-
racy of about 15–25 % and a high false-negative 
rate of about 64–84 % and is not recommended 
[ 20 ,  67 – 70 ]. 
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  CT cystography  can be reliably used in the 
diagnosis of bladder injury, as it has a sensitivity 
of 85 % and a specifi city of 100 % [ 20 ,  71 ]. The 
added advantages of CT include its speed and 
less radiation exposure [ 72 ]. Since most patients 
suspected for bladder injury will undergo CT, CT 
cystography eliminates the additional cost of a 
conventional cystography [ 20 ].  

21.4.5     Initial Management (ER) 

 Cass et al. examined 417 patients with bladder 
injuries and showed that 94 % of them had asso-
ciated injuries [ 73 ]. Pelvic fracture was present in 
83 % of these patients, fractured ribs in 17 %, 
severe head injury in 6 %, and fractured spine in 
6 %. As with all trauma evaluations, implement-
ing the ATLS principles while identifying and 
treating life-threatening injuries should take pre-
cedence over specifi c diagnosis and treatment of 
bladder injury. Pelvic fractures can be associated 
with signifi cant hemorrhage, which must be 
expeditiously identifi ed and controlled.  

21.4.6     Operative Management 

 Treatment of bladder rupture depends on the 
type: intraperitoneal or extraperitoneal. 
Intraperitoneal bladder rupture requires emer-
gency surgical exploration and repair [ 20 ,  74 ]. 
The Eastern Association for the Study of Trauma 
(EAST) recommends managing the majority of 
extraperitoneal bladder ruptures with catheter 
drainage alone, with the exception of bone frag-
ments projecting into the bladder, open pelvic 
fractures, and bladder injuries associated with 
rectal perforations [ 22 ]. In these scenarios, surgi-
cal management is indicated. Presence of bone 
fragments can be determined by intraoperative 
cystoscopy, if laparotomy is not undertaken for 
another reason. If the exploration is being under-
taken for another reason, the bladder is generally 
explored through a large vertical cystotomy, and 
the bladder is inspected from the inside and repair 
undertaken. Urinary drainage is generally 
required for several weeks by Foley catheter.  

21.4.7     Postoperative Management 
(Including Rehabilitation/
Follow-Up) 

 Postoperatively, intravenous antibiotics should be 
administered as the potential for infection is high 
[ 74 ]. A pelvic drain, if placed intraoperatively, 
should be removed within 48–72 h, at which time 
drainage would have reduced signifi cantly. 
Cystography (CT or conventional) should be done 
10–14 days after surgery to assess for leakage.  

21.4.8     Complications and Pitfalls 

 Potential complications of bladder trauma include 
urinary incontinence, pelvic infection, fi stula for-
mation, and urinary extravasation [ 74 ,  75 ]. There 
are additional complications that may occur dur-
ing or after surgical repair of a ruptured bladder. 
These include severe hemorrhage from violation 
of a pelvic hematoma and small capacity bladder 
from aggressive debridement of the bladder [ 74 ].  

21.4.9     Outcomes 

 Mortality after bladder trauma is more often 
related to the effect of associated injuries rather 
than the bladder rupture itself. As mentioned ear-
lier, severe hemorrhagic shock from a pelvic 
bleed, severe head injuries, and rib fracture with 
soft tissue injury are some of the concomitant 
events that accompany bladder trauma, any one 
of which can be a cause of death.   

21.5     Other Retroperitoneal 
Structures 

21.5.1     Background/Incidence/
Epidemiology 

 There are numerous anatomical organs that can 
be described by the term “retroperitoneal struc-
tures.” Specifi c incidence and management of 
these differ. For the purpose of this review, this 
section focuses on retroperitoneal hematomas, 
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as they can result from trauma to the vasculature 
of any of these structures. 

 Based on etiology, the incidence of retroperi-
toneal hematoma is estimated at 67–80 % due to 
blunt trauma and 20–33 % due to penetrating 
trauma [ 76 – 79 ]. Allen et al. reported an  incidence 
of 44 % in 171 patients admitted after blunt 
trauma [ 80 ]. The overall incidence following 
penetrating trauma is uncertain. Retroperitoneal 
hematomas have high mortality rates of about 
18–33 % [ 78 ].  

21.5.2     Anatomy 

 The retroperitoneum or retroperitoneal space is 
the part of the abdominal cavity that is posterior 
to the peritoneal cavity from the diaphragm to the 
pelvic inlet [ 81 ]. Its anterior boundary is the peri-
toneal fascia, while its posterior boundary is the 
transversalis fascia. Classically, the retroperito-
neum is divided into the posterior pararenal 
space, the perirenal space, and the anterior para-
renal space [ 81 ]. For practical purposes, the ret-
roperitoneum is divided into three zones: zone 1 
is the central part, located in the middle of the 
abdominal cavity, and zone 2 comprises of the 
right and left fl anks, while zone 3 comprises of 
the entire pelvis. Retroperitoneal structures are 
organs whose anterior surfaces are covered by 
peritoneum. These include the kidneys; ureters; 
bladders; adrenal glands; abdominal aorta; infe-
rior vena cava; the head, neck, and body of the 
pancreas; and parts of the esophagus, duodenum, 
colon, and rectum [ 81 – 83 ].  

21.5.3     Clinical Assessment 

 The clinical presentation of retroperitoneal hema-
toma depends on the specifi c organ that is injured 
and may include pain in the anterior abdomen, 
fl ank, back, or pelvic area [ 76 ]. Signs of hemor-
rhagic shock (including hypotension, tachycardia 
with weak and thready pulse, hypothermia, 
tachypnea) may be present in patients with pelvic 
fracture or injuries to the abdominal aorta, infe-
rior vena cava, or other large vessels [ 76 ]. 

Ecchymosis of the fl anks (Grey Turner’s sign) or 
ecchymosis of the inguinal ligaments (Fox’s 
sign) are late manifestations [ 76 ].  

21.5.4     Diagnostic Testing 

 CT scanning, particularly the multi-detector CT, 
is the investigation of choice for the diagnosis of 
retroperitoneal injuries and hematomas [ 81 ], 
especially if the patient is hemodynamically sta-
ble. A focused assessment with sonography for 
trauma (FAST) exam is useful in patients who are 
hemodynamically unstable, although the FAST 
will only be positive if the retroperitoneal hema-
toma has ruptured freely into the intraperitoneal 
space. If there is a suspicion of renal injury, a 
one-stop IVU to assess the functionality of the 
kidneys should be done.  

21.5.5     Initial Management (ER) 

 As described in earlier sections, initial manage-
ment of patients with suspected retroperitoneal 
hematomas should follow the ATLS principles. 
Particular attention should be paid to the identifi -
cation and control of hemorrhage as the potential 
for hemorrhagic shock in these patients is very 
high. Appropriate fl uid and blood product resus-
citation should be rapidly instituted in the setting 
of profound hypotension while initiating some 
hemorrhage control maneuver. A patient with 
blunt abdominal trauma, hypotension, and a posi-
tive FAST or penetrating abdominal trauma with 
hypotension should be rapidly transported to the 
operating room for immediate exploratory lapa-
rotomy [ 84 ].  

21.5.6     Defi nitive Management 

 The specifi c operative management depends on 
the etiology – blunt or penetrating – size and 
location of the hematoma, and underlying struc-
ture that is injured. These are well summarized 
by Feliciano [ 76 ]. Although traditional teaching 
recommends operative management for all 
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 central  hematomas, the expanded use of CT 
scans for evaluation of abdominal trauma has 
allowed nonoperative management of small cen-
tral hematomas in patients who are hemodynam-
ically normal without other indications for 
operation. Interventional approaches are also 
possible as an alternative to operative manage-
ment, although there is little data to guide 
decision-making.  

21.5.7     Postoperative Management 
(Including Rehab/Follow-Up) 

 The postoperative management depends on the 
intraoperative fi ndings. A patient with a retro-
peritoneal hematoma often has associated organ 
injuries. If there is bowel injury, antibiotics 
should be administered perioperatively. If there is 
renal injury, renal scintigraphy may be used to 
assess renal function postoperatively. The patient 
should also be proactively examined for signs of 
postoperatively hemorrhage.  

21.5.8     Complications and Pitfalls 

 Expansion of the hematoma is the commonest 
complication.  

21.5.9     Outcomes 

 As mentioned earlier, the mortality rate for retro-
peritoneal hematoma is relatively high. Death 
may result from rupture of the hematoma and 
subsequent hemorrhagic shock, or from associ-
ated injuries. Early diagnosis is key to reducing 
mortality.   

    Conclusion 

 Renovascular, ureteral, and bladder injuries are 
rare, and there is insuffi cient evidence in the 
literature to draw up robust guidelines regard-
ing management. However, the goal of therapy 
should be to save the patient’s life through 
expeditious control of hemorrhage and, as 
much as possible, to preserve renal function. 

Retroperitoneal hematomas are relatively com-
mon after abdominal and pelvic trauma. Early 
diagnosis, appropriate resuscitation, and treat-
ment are key in improving survival. Operative 
approach for massive retroperitoneal bleeding 
generally requires a wide exposure and direct 
inspection of the entire compartment.     
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22.1            Introduction 

 A changing resuscitative paradigm, newer 
approaches to deep soft tissue wounds, and the 
expanding application of endovascular therapies 
now represent the latest developments in the 
modern surgical management for femoral and 
popliteal arterial injury [ 1 – 5 ]. With nearly 50,000 
US troops wounded in the wars of Iraq and 
Afghanistan as of 2012, an evidenced-based 
approach to treating lower extremity arterial 
injury has been the subject of numerous reports, 
and a summary of recent teachings is the focus of 
this chapter [ 6 ].  

22.2     Epidemiology 

 In the Vietnam War, vascular injuries accounted 
for 2–3 % of battle-related injuries [ 7 ]. Published 
reports over a decade of war demonstrate that the 
rate of vascular injury has been steadily  increasing 
from 4 to 6 % to now 9 to 12 % of battle- related 
injuries making the rate of vascular injury 
approximately six times that reported in prior 
confl icts [ 8 – 10 ]. The increased incidence of vas-
cular injury may have several explanations, 
including an increased awareness of and attention 
to recording such injuries. Undoubtedly, the 
effectiveness of tourniquets and other damage 
control measures, use of body armor, strategic 
forward placement of surgical assets, and rapid 
evacuation to defi nitive care also allow the treat-
ment of vascular injuries that would have been 
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fatal in past wars. New diagnostic modalities like 
computed tomography angiography (CTA) may 
also account for a rise in the observed rate of 
civilian lower extremity vascular injuries [ 11 ]. 
The contemporary rate of vascular injury under-
scores the importance of high-quality sustain-
ment training in order to maintain a competent 
vascular skillset for trauma surgeons. From that 
standpoint, producing endovascular competent 
trauma surgeons will likely become a major focus 
of acute care surgery training programs in the 
near future [ 5 ].  

22.3     Diagnosis 

 Injury to the femoral and popliteal arteries is by 
far the most common vascular injury pattern 
encountered in modern combat. In a published 
series of 497 casualties with 523 combat-
related vascular injuries, Dua and colleagues 
reported that 43 % involved femoral and popliteal 
vessels [ 12 ]. These injuries can often be masked 
by deep soft tissue injury and fractures. When 
actively bleeding, the optimal management of 
extremity vascular injury requires early recogni-
tion and treatment of hemorrhagic shock. The 
goal is to achieve hemostasis, restore normal 
physiology, and perform a successful vascular 
reconstruction as early as possible. Blood prod-
ucts should be rapidly transfused within minutes 
of admission with an emergency release of four 
units of type O packed red blood cells (PRBCs) 
and four units of thawed AB plasma sent on 
demand from the blood bank. Unstable patients 
with more than one bleeding body cavity or man-
gled extremity are considered “in extremis” and 
should trigger a massive transfusion protocol. 

 Recognizing the need for vascular reconstruc-
tion at the time of the trauma admission is crucial 
as progressive ischemic burden can result in ulti-
mate graft failure and subsequent limb loss. The 
injured extremity should be evaluated for pulses, 
sensory or motor defi cits, and the presence of a 
bruit or thrill. Lower extremity arterial vascular 
injuries usually involve long-bone fractures and 
large soft tissue wounds that can make the diag-
nosis by physical exam easy and accurate. 

Radiographs provide accurate clues that extrem-
ity vascular injuries exist. Supracondylar femur 
and tibial plateau fractures are frequently associ-
ated with injuries to the distal femoral and 
 popliteal artery (Fig.  22.1 ). Deformed extremi-
ties are straightened and the onset of additional 
hemorrhage is controlled with direct pressure, 
gauze packing, hemostatic dressings, or tourni-
quets. Alternatively, in stable patients, without 
active bleeding, prehospital tourniquets should 

a

b

  Fig. 22.1    A Special Operations Forces Tactical 
Tourniquet (SOFTT) controls hemorrhage from a popli-
teal artery injury ( a ), coupled with a plain radiograph 
showing a fracture of the supracondylar femur ( b ,  white 
arrow ), a pattern highly suggestive of a vascular injury 
(From Fox and Starnes [ 22 ])       
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be  carefully loosened to determine the degree, if 
any, of vascular injury (Fig.  22.2 ). A Doppler 
assessment is done to confi rm the absence of 
pedal pulses and to perform an ankle-brachial 
index (ABI) when possible. A patient assessment 
when done in concert with an orthopedic surgeon 
will facilitate the necessary discussion regarding 
the sequence of the operation and preferred tech-
niques for external fi xation that best aid in the 
anticipated vascular exposure. Important infor-
mation to relay to the entire operative team 
should include ideal patient positioning, the need 
for a shunt prior to fi xation, the plan for vein har-
vesting in a contralateral extremity, and the desire 
for a C-arm or arteriography. Penetrating injuries 
without signs of arterial involvement such as a 
pulse defi cit, expanding hematoma, bruit, or thrill 
generally do not require an arteriogram unless 
the ABI is <0.9. Obvious vessel injuries should 
be explored or managed with catheter-based 
techniques without further diagnostic studies.

    Color-fl ow duplex (CFD) ultrasonography is 
an accurate noninvasive screening adjunct that 
can complement or sometimes be substituted for 
an arteriogram. This study can usually be 
obtained rapidly and used to detect occlusion, 
intimal fl aps, and luminal defects. Bandages, 
open wounds, and orthopedic hardware may limit 
the utility of CFD in a trauma setting. CFD is 

highly operator dependent and has led many to 
prefer CTA as a noninvasive alternative of choice. 
Although ionizing radiation and nephrotoxicity 
are obvious disadvantages, these rapid multi- 
planar acquisitions allow for high-resolution 
three-dimensional reconstructions that can be 
superior to a catheter-based arteriogram. CTA 
has the advantage of imaging multiple extremi-
ties and the surrounding soft tissue simultane-
ously. CTA is also useful in surgical planning; 
however when an endovascular intervention is 
anticipated, the volume frequency and type of 
contrast agent to be administered should be 
 discussed [ 11 ].  

22.4     Operative Management 

 The fi rst goal of the emergency operation is to 
control hemorrhage with close hemodynamic 
monitoring and judicious replacement of fresh 
warm blood products in equal ratios. The patient 
should have broad antibiotic coverage and be 
positioned supine on a fl uoroscopic table with at 
least one uninjured limb prepped for a vein 
harvest. 

 Proximal control of hemorrhage is often 
accomplished by fi rm digital occlusion using an 
assistant’s gloved hand prepped directly into the 

  Fig. 22.2    The combat 
application tourniquet (CAT) 
is carefully loosened to 
evaluate a popliteal vascular 
injury. The Emergency 
Medical Tourniquet (EMT) 
was applied above the narrow 
fi eld tourniquets. A medial 
approach is preferred 
( black line ) (Courtesy of COL 
(ret). John F. Kragh, Jr, MD, 
San Antonio, TX; From Fox 
and Starnes [ 22 ])       
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bleeding wound bed with Betadine spray. This is 
followed by careful dissection proximal and dis-
tal to the site of injury. Balloon catheters may 
also tamponade hemorrhage when a tourniquet or 
manual pressure is not effective, but blind inser-
tion of surgical instruments can be unproductive, 
or harmful, and is discouraged. Tourniquets are 
left in place until the anesthetist has suffi cient 
time to resuscitate the patient. Proximal thigh 
injuries are best managed by division of the 
inguinal ligament or by the retroperitoneal 
approach with clamp control of the external iliac 
artery (Fig.  22.3 ). The medial approach is pre-
ferred over the posterior approach for femoro-
popliteal injuries. The approach in relation to the 
knee joint is directed by the level of the wound; 
however total division of muscular attachments at 
the knee is sometimes required to control hemor-
rhage of transected arteries and veins. Although 
often thrombosed at the time, the injured vessels 
must be found and ligated because they will re- 
bleed later after the patient is resuscitated. 
Retrograde advancement of a Fogarty catheter 
inserted from an uninjured distal site can also be 
used to locate the transected artery in a horrifi c 
wound that is no longer bleeding. A single 
 bleeding tibial vessel can be ligated; however 
injury to the tibioperoneal trunk or multiple 

 vessels should be repaired. Associated nerve, 
bone, and soft tissue injury are the essential 
determinants of limb salvage. When making a 
decision to amputate or salvage an extremity, 
consider the patients’ condition, extent of injury, 
and willingness to commit the patient to the nec-
essary  defi nitive orthopedic care and physical 
rehabilitation. No one situation or scoring system 
can replace the surgical judgment developed by 
an experienced team.

   A primary end to end repair is preferred when 
lateral sutures cannot repair the injured vessel. 
Advantages of this repair include a single anasto-
mosis and use of autologous tissue. Dividing 
nearby geniculate branches may gain some 
length in noncalcifi ed vessels, but this repair 
should be both expedient and free of tension. 
Complete debridement of any disrupted tissue is 
an essential step of the repair, and sacrifi ces made 
to avoid an interposition conduit should be 
avoided. 

 If an interposition graft repair is required, the 
complexity and additional operative time required 
for vein harvest and interposition grafting should 
be appreciated, and the fi nal operative plan and 
estimated time should be communicated early to 
the operative team. Saphenous vein taken from 
an uninjured limb including the arm is the 

  Fig. 22.3    Hemorrhage from 
a proximal left femoral artery 
gunshot wound is aptly 
controlled with a left 
retroperitoneal exposure and 
proximal clamping of the 
external iliac artery. The 
entrance wound (white arrow) 
is in the proximal lateral thigh       
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 preferred conduit for the reconstruction of lower 
extremity vascular injuries. However, in the 
author’s  experience expanded polytetrafl uoroeth-
ylene (ePTFE) prosthetic grafts placed in larger 
vessels with good muscle coverage have been 
used  successfully. Systemic anticoagulation is 
generally avoided for trauma except for an iso-
lated vascular injury in a non-coagulopathic 
patient without extensive soft tissue damage. 

 Ballistic injuries transmit kinetic energy and 
result in intimal damage well beyond the tran-
sected arterial segment. Therefore, one should 
carefully open vessels longitudinally and inspect 
the quality of the luminal surface and the arterial 
infl ow relative to the mean arterial pressure. 
When necessary, a Fogarty embolectomy cathe-
ter should be carefully advanced as tourniquets 
and limited heparin dosing easily result in throm-
bus accumulation. Special precautions should 
include routine fl ushing of the graft, and native 
artery with heparinized saline to dislodge fi brin 
strands, and platelet debris. This is best done with 
a solution of Papaverine and warm heparinized 
saline. A well-spatulated four-quadrant, heel-to- 
toe anastomosis is the easiest method to teach 
and perform in diffi cult situations. Small Heifetz 
clips or bulldog clamps can also minimize poten-
tial clamp injuries of small vessels. There is doc-
umented value in repair of concomitant venous 

injuries to avoid the potential for early limb loss 
from venous hypertension or long-term disability 
from chronic edema. With combined arterial and 
venous injuries, arterial repair should precede 
venous repair to minimize further ischemic 
 burden, unless the vein repair requires very little 
effort. 

 Shotgun or fragment injury produces large 
cavitary wounds; with severe disruption of the 
skin and loss of underlying muscle, it may be 
diffi cult to achieve suitable graft coverage. Greer 
and colleagues reported on The Walter Reed 
Army experience with combat-related graft rup-
tures of which 70 % were in the femoropopliteal 
region. A signifi cant factor was the degree of 
muscle coverage in the face of a contaminated 
wound. Therefore, when confronted with this 
situation, a longer vein graft tunneled completely 
around the zone of injury should be chosen over 
a shorter inadequately covered vein interposition 
conduit [ 13 ]. External fi xation positioning 
should not impede the planned operative expo-
sure. Tunneling grafts and preservation of skin 
bridges are therefore important matters to dis-
cuss before fasciotomy incisions are made 
(Fig.  22.4 ). Devitalized tissue is excised and 
 irrigated under low pressure, with careful evalu-
ation of muscle tissue for viability. Injured nerve 
tissue should be tagged at both ends with 

a b

  Fig. 22.4    A lower extremity fragment wound resulting in 
severe destruction of the popliteal and tibial vessels ( a ) 
was reconstructed with an above-knee popliteal to poste-
rior tibial artery bypass using a reversed saphenous vein 

graft. Knee- spanning external fi xation for this tibial pla-
teau fracture can be applied quickly to stabilize the limb 
and permit excellent surgical exposure ( black line ) out of 
the injured region ( b ) (From Fox and Starnes [ 22 ])       
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 monofi lament suture. A lengthy and meticulous 
debridement at the outset is not usually  necessary 
as these wounds look much better in a few days 
after subsequent washouts and vacuum dress-
ings. Always maintain a low threshold for per-
forming a four-compartment fasciotomy. This is 
usually performed fi rst and the length of the inci-
sion may vary with the clinical scenario but an 
incomplete fasciotomy can be catastrophic. The 
application of vessel loops to prevent skin retrac-
tion and the use of negative pressure dressings 

have made primary closure more successful and 
eliminated the need for routine split-thickness 
skin grafts (Fig.  22.5 ).

22.5         Temporary Vascular Shunts 

 Temporary vascular shunts are effective damage 
control techniques that allow for delayed recon-
struction and should be compared with the conse-
quences of simple ligation. Temporary vascular 

a

b

  Fig. 22.5    Negative pressure 
(vacuum) therapy has 
facilitated earlier closure 
of fasciotomy surgical sites 
( a ) and other deep cavitary 
wounds of the lower 
extremity. A vacuum seal can 
be easily obtained despite the 
use of orthopedic hardware in 
this child ( b )       
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shunts allow for perfusion during temporary 
delays needed for extremity fi xation, patient 
transport, addressing more life-threatening inju-
ries, or assessment of revascularization options 
including during vein harvest. Several high- 
quality papers have advanced its use during the 
wars in Iraq and Afghanistan. At the 2006 
 meeting of the Eastern Association for the 
Surgery of Trauma, the Air Force demonstrated 
that shunts placed in proximal vascular injuries 
have acceptable (86 %) patency, and failure of 
distal shunts did not decrease limb viability [ 14 ]. 
In 2007, Taller and colleagues reported success-
ful shunting with 96 % patency among casualties 
evacuated from a remote Navy Echelon II – 
Forward Resuscitative Surgical Suite (FRSS) 
based in the western province of Iraq. The mean 
shunt time was 5 h 48 min (range, 3:40–10:49), 
and the authors meticulously documented the 
time from shunt placement to casualty presenta-
tion at the level 3 surgical facilities in Baghdad or 
Balad, Iraq. These authors also validated the ear-
lier experience of a US Navy forward surgical 
unit and concluded that complex combat injuries 
to proximal extremity vessels should be routinely 
shunted at forward-deployed Echelon II facilities 
as part of the resuscitative, damage control pro-
cess [ 15 ]. 

 In 2009, Gifford and colleagues published an 
outcome analysis study. Data were collected 
from the Joint Theater Trauma Registry (JTTR). 
The study compared 64 shunted US casualties 
sustaining extremity vascular injury to 61 who 
were not shunted. After propensity score adjust-
ment, there was a nonsignifi cant trend toward 
reduced risk of amputation in patients treated 
with temporary vascular shunts. This trend was 
greatest in patients with severely injured limbs. 
The authors concluded that temporary vascular 
shunting used as a damage control adjunct in 
management of wartime extremity vascular 
injury does not lead to worse outcomes [ 16 ]. 
Analyses from all available publications suggest 
that temporary vascular shunting is an effective 
technique to facilitate patient transfer and is pref-
erable to prolonged reconstruction efforts in 
remote less capable locations. The author prefers 
an Argyle (Covidien, Mansfi eld, MA) sterile 
6 in. straight shunt from a disposable kit 
 containing four different sizes (8–14 French). 
The shunt is carefully inserted to avoid further 
intimal injury and secured with silastic vessel 
loops or silk sutures (Fig.  22.6 ). A continuous 
wave Doppler is used to confi rm fl ow, and the 
vessel is defi nitively debrided at the time of 
reconstruction.

a b

  Fig. 22.6    A gunshot wound ( white arrow ,  a ) transected 
the right femoral artery ( b ). Flow was restored with a 
14 French Argyle shunt ( white arrow ). The patient was 

transported to a facility that could perform a reversed 
saphenous  interposition graft       
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22.6        Endovascular Management 

 The established effectiveness of endovascular 
therapies in the setting of acute trauma has led to 
a growing acceptance to treat specifi c patterns of 
injury. A variety of catheter-based techniques 
have been particularly successful for vascular 
injuries such as occlusion, dissection, arteriove-
nous fi stulae (AVF), and false aneurysms of 
the lower extremity (Fig.  22.7 ). Specifi cally, 
balloon- assisted tamponade, coil embolization, 
and covered stent placement appear to be well 
suited for stable patients with less severe extrem-
ity injuries. Transcatheter embolization can be 
done by extruding hemostatic agents (Gelfoam) 
or stainless steel coils through a 5 French catheter 
into the target vessel. For an AVF, a suitably sized 
coil is placed into the feeding artery proximally 
and distally to the fi stula site. False aneurysms 
can also be treated by coil-induced thrombotic 
occlusion or by endoluminal repair with covered 

stent placement. Transected vessels are also 
repaired with covered stents provided that a wire 
can successfully traverse the injury. This may 
require retrograde passage of wires for a complex 
injury. Despite obvious advantages endografts 
continue to require long-term surveillance as 
potential complications render the long-term out-
come uncertain at this time [ 17 – 20 ].

22.7        Completion Imaging 

 Static fi lm arteriography has largely been 
replaced with portable C-arm units capable of 
digital subtraction angiography. Contrast arteri-
ography is very useful for locating the injured 
vascular bed when there are diffuse fragmenta-
tion wounds to the extremity. Hand-injected con-
trast images using butterfl y needles without 
special wires or catheters can be acquired quickly 
using the digital subtraction mode on a mobile 

a b

  Fig. 22.7    Catheter-based arteriograms are necessary to 
detect occult vascular injuries after fragment wounds. A 
large left profunda femoral artery false aneurysm ( solid 
black arrow ,  a ) is controlled by transfemoral balloon 

occlusion ( dash black arrow ,  b ) prior to open repair. An 
early venous phase is pathognomonic of an arteriovenous 
fi stula ( c ) seen in the popliteal region ( black lines  outline 
the femur and tibial plateau)       
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C-arm unit. Completion assessments following 
open repair or endovascular interventions consist 
of a combination of physical exam, the handheld 
Doppler and selective arteriography [ 21 ].  

22.8     Postoperative 
Considerations 

 The early postoperative period is focused on 
patient warming, resuscitation, and hourly vascu-
lar checks that should be performed with a hand-
held continuous wave Doppler probe. Palpable 
pulses and sometimes normal ankle-brachial 
ratios (>0.9) may be delayed until an appropriate 
resuscitation and warming period has occurred. 
Patients should remain in the ICU for at least 
24 h. Ward transfer follows cardiopulmonary and 
metabolic stability once the threat of early graft 
failure and postoperative coagulopathic bleeding 
has diminished. Soft tissue bleeding should be 
anticipated and the extremity wrapped in bulky 
gauze. A typical patient is returned to the operat-
ing room every 24–48 h for fi xator adjustment, 
additional debridement, and negative pressure 
“vacuum” dressing changes. The assessment for 
the onset of compartment syndrome or evidence 
of an incomplete fasciotomy is essential; hence, 
hourly neurological checks should also be per-
formed in the early postoperative period. Aspirin 
is favored for all vascular repairs, and antibiotics 
are continued for at least 24 h. Compression gar-
ments and leg elevation is encouraged to mini-
mize edema [ 3 ].  

    Conclusion 

 The simultaneous management of peripheral 
vascular injuries in the pursuit of life and limb 
is very challenging. The decision to amputate 
or reconstruct an ischemic limb requires sound 
judgment that often comes with experience. 
These patients have signifi cant transfusion 
requirements, and the resuscitation should not 
be separated from the surgery. Tibial vessels 
can be ligated when a Doppler signal is 
 obtainable in the distal extremity. Systemic 
heparin is not necessary; however adequate 
intimal debridement and liberal fl ushing with 

 heparinized saline during the repair is essential. 
A well-covered interposed saphenous vein graft 
is a durable conduit and favored over prosthetic 
materials. Venous reconstruction should be per-
formed when time permits. Completion arteri-
ography is not usually necessary, but a pulse 
exam should be confi rmed with a continuous 
wave Doppler signal and ABIs.     
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23.1            Introduction 

 Vascular injuries of the lower extremity pose 
some of the most challenging problems faced by 
vascular surgeons for a number of reasons. While 
these injuries are not typically life-threatening, 
the risk of limb loss in a young trauma patient 
amplifi es the importance of making a complex 
series of correct clinical decisions with limited 
data under the pressure of time. The compressed 
anatomical relationships of the nerves, vessels, 
and bones of the lower leg make surgical repair 
challenging even for the most capable of vascular 
surgeons. In addition to focusing on the injured 
extremity, the vascular surgeon must remain 
wary of the balance between overly enthusiastic 
efforts to preserve the limb against the risk of 
death from associated injuries. The intent of this 
chapter is to review the epidemiology of lower 
leg vascular injuries, the optimum diagnostic 
strategies, the treatment options, and the pitfalls 
in management.  

23.2     Incidence 

 Our understanding of the management of lower 
extremity vascular trauma has been derived in 
large part from wartime experience [ 1 ]. As 
recently as World War II, extremity vascular 
injuries were associated with amputation rates 
in excess of 70 % [ 2 ]. Armed with newly 
invented synthetic materials such as Dacron and 
improved surgical tools, surgeons during the 
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Korean War began to experiment with repairing, 
rather than ligating, injured vessels with encour-
aging results [ 1 ]. Widespread application of 
modern limb salvage techniques dramatically 
reduced the amputation rate in Vietnam [ 3 ,  4 ]. 
Regrettably, the devastating effects of impro-
vised explosive devices (IEDs) in Iraq and 
Afghanistan have resulted in a persistent need 
for amputation despite vast improvements in the 
delivery of battlefi eld care [ 3 ,  5 ]. Military sur-
geons have pioneered the use of intra-arterial 
shunts and mass transfusion protocols, tech-
niques that are being rapidly adopted in the 
civilian theater [ 6 – 8 ]. 

 The incidence of distal lower extremity vascu-
lar trauma in the civilian population is less well 
characterized than in the military due to the 
absence of uniform reporting requirements. The 
available evidence suggests that vascular trauma 
below the knee is related to the geographic set-
ting with more penetrating wounds in the urban 
setting and a predominance of blunt injuries in 
the rural environment [ 9 ]. Based on data from the 
National Trauma Data Bank, the most commonly 
injured vessel in the lower extremity is the popli-
teal artery (35 %), followed in decreasing order 
by the superfi cial femoral artery (28 %), the com-
mon femoral artery (18 %), the posterior tibial 
artery (13 %), and the anterior tibial artery (9 %). 

No data are available for injury to the peroneal 
artery due to the absence of an ICD-9 code [ 10 ]. 
Blunt vascular injuries exceed penetrating trauma 
in most civilian series consistent with recent evi-
dence demonstrating a decrease in violent crime 
over the past 20 years. 

 A number of factors are predictive of out-
comes in patients with extremity trauma includ-
ing the location and number of injuries, the nature 
of the injury (blunt or penetrating), and, most 
notably, the severity of associated injuries to 
bone, nerve, and soft tissues. While the risk of 
mortality is increased with more proximal, pene-
trating injuries, the risk of limb loss is increased 
with more distal vascular injuries. In comparison 
to penetrating injuries, blunt injuries are associ-
ated with higher amputation rates due to a higher 
incidence of injuries to soft tissue, bone, and 
nerves [ 10 ,  11 ].  

23.3     Anatomy 

 A clear understanding of arterial anatomy is 
essential to the accurate diagnosis and optimum 
treatment of lower leg vascular injury (Fig.  23.1 ). 
Vascular reconstructions below the knee are par-
ticularly challenging due to the small size of the 
vessels and the diffi culty of surgical exposure. 

Anterior tibial
artery and veins

Fibula

Tibia

Medial

Posterior tibial
artery and

veins

Lateral

Peroneal
artery and
veins

  Fig. 23.1    Cross-sectional 
anatomy of the infrapopliteal 
arterial system       
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The three major arteries in the lower leg origi-
nate from the popliteal artery, but the confi gura-
tion of these vessels may be quite variable. In the 
most common pattern, the infrageniculate popli-
teal artery bifurcates into the anterior tibial artery 
(AT) and the tibioperoneal trunk (TPT). The AT 
penetrates the interosseous membrane and 
courses longitudinally through the anterior com-
partment of the leg and becomes the dorsalis 
pedis (DP) artery as it crosses the ankle joint. In 
approximately 5 % of patients, the AT arises 
from the popliteal artery proximal to the knee 
joint and may be serendipitously preserved in the 
setting of injuries to the distal popliteal and prox-
imal tibial vessels. The DP divides into fi ve 
branches on the foot: the lateral tarsal, medial 
tarsal, fi rst dorsal metatarsal, arcuate, and deep 
plantar branches. The TPT is a short artery, typi-
cally 4–6 cm in length though it may be nonexis-
tent in some patients who have a true 
“trifurcation.” The TPT divides into the peroneal 
artery and the posterior tibial (PT) artery. The PT 
is usually the largest of the three vessels and ter-
minates below the ankle into the medial and lat-
eral plantar arteries. Angiographically, the 
peroneal artery is easily distinguished from the 
AT and PT by its more central location between 
the tibia and fi bula and by multiple branches. 
The peroneal artery is closely applied to the inner 
surface of the interosseous membrane in the deep 
posterior compartment and is the most diffi cult 
to expose of the three major arteries below the 
knee. The peroneal typically terminates in an 
inverted “Y” just proximal to the ankle joint pro-
viding critical collateral connections to the DP 
and PT.

   The PT is easily approached through a longi-
tudinal incision in the skin and deep fascia 
approximately 2–3 cm posterior to the tibia. The 
PT is immediately visible on the surface of the 
tibialis posterior muscle after incision of the deep 
fascia. The peroneal artery is deeper in the leg. It 
can be approached though a medial incision like 
the PT or can be exposed from a lateral approach 
after segmental resection of the fi bula. The lateral 
approach to the peroneal is particularly appealing 
in the setting of signifi cant soft tissue injury on 

the medial leg that could limit coverage of an 
arterial repair. The anterior tibial artery is exposed 
through a longitudinal incision in the skin and 
deep fascia approximately 2 cm lateral to the 
tibia. In most traumatic vascular injuries, the sur-
geon must make a decision whether to expose the 
injured vessels through traumatic skin lacerations 
or use more conventional incisions. 

 In making clinical decisions regarding the 
need for surgical intervention in lower leg 
trauma, it is critical to understand the redun-
dancy of the blood supply to the foot. It may not 
always be necessary, and sometimes unwise, to 
reconstruct an isolated tibial artery injury in the 
absence of distal ischemia. In most cases, a sin-
gle patent tibial artery is suffi cient for distal per-
fusion of the foot and preservation of normal 
function. In the absence of hemorrhage, distal 
ischemia, or need for debridement of devital-
ized tissue, nonoperative management may be 
appropriate in selected patients. Non-emergent 
treatment of an intimal fl ap, arteriovenous fi s-
tula, or pseudoaneurysm can be undertaken 
electively.  

23.4     Mechanism of Injury 

 Most penetrating injuries are due to gunshots, 
shotguns, and stabbing. Stab wounds usually 
result in isolated vascular injuries to both arteries 
and veins that can be treated by primary repair. In 
comparison to stab wounds, the extent of soft 
 tissue damage, including vascular injury, is 
related both to the caliber and velocity of gun-
shots. High-velocity, military-style weapons may 
cause extensive damage well beyond the actual 
tract of the missile. In the assessment of vascular 
injury, the surgeon must be aware of the potential 
for vascular damage that is remote from the point 
of penetration. Shotgun wounds are notable for 
the inaccuracy of physical examination in detect-
ing arterial injury, for more extensive soft tissue 
damage, and for the possibility of multiple vessel 
injuries. 

 Blunt arterial injuries may result from direct 
crushing, stretching, or laceration due to bony 
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fragments. Blunt arterial injuries are often diffi -
cult to repair without vein graft interposition or 
bypass due to injury to a longer segment of arte-
rial wall or delamination of the arterial wall with 
retraction of the intima. Both blunt and penetrat-
ing injuries that do not result in occlusion may 
result in pseudoaneurysm or arteriovenous fi s-
tula, which should be considered when planning 
follow- up surveillance. Regardless of the mecha-
nism of injury, two principles govern operative 
repair: debride all nonviable vessels and com-
plete the vascular repair without tension.  

23.5     Clinical Assessment 

 The initial evaluation and resuscitation of trauma 
patients follows Advanced Trauma and Life 
Support (ATLS) protocols. Many patients with 
vascular injuries below the knee have other sig-
nifi cant systemic injuries that must be evaluated 
and treated. This necessitates direct and clear 

communication between the vascular surgeon, 
the trauma surgeon, and other specialists. The 
vascular surgeon must be cognizant of systemic 
injuries in order to properly prioritize treatment 
of the injured extremity. It is particularly impor-
tant to establish the presence of central nervous 
system injuries that might preclude anticoagula-
tion. In addition, major vascular injuries in the 
chest, abdomen, or pelvis invariably take prece-
dence over extremity vascular injuries. 

 Following establishment of a stable airway, 
control of obvious bleeding, and initial resuscita-
tion, a detailed examination of the extremities 
can be performed during the secondary survey 
(Fig.  23.2 ). For both blunt and penetrating inju-
ries, the extremity examination is focused around 
four functional components: bone, nerve, soft tis-
sue, and vessels. Injury to three of these four 
functional elements constitutes a “mangled 
extremity” [ 12 ]. The clinician should note the 
presence of limb deformity or instability suggest-
ing an underling fracture. The extent of skin loss 

Patient presents with injured extremity

ABI <0.90

Sonogram is positive Sonogram is negative

ABI >0.90

Patient has multilevel trauma
(e.g., floating joint or shotgun wound)

Patient does not have
multilevel trauma

Hard signs of vascular injury (e.g., pulseless
limb, audible bruit or palpable thrill, pulsatile
hemorrhage, expanding hematoma, or limb
ischemia) are present

Hard signs of vascular injury are absent; only
soft signs (e.g., hypotension, diminished
or unequal pulses, neurologic deficit, proximity
of wound to vessels, or stable, small hematoma)
are noted

Look for signs of extremity vascular injury.

Measure ABI.

Perform duplex US.

Perform arteriography.
Perform surgical exploration and vascular 
repair.

Follow patient with serial clinical 
examinations, without further workup.

Perform immediate
surgical exploration
and vascular repair.

  Fig. 23.2    American College of Surgeons Lower Extremity Vascular Injury Algorithm       
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or soft tissue injury is noted. Neurological evalu-
ation of the extremity is usually limited to basic 
motor and sensory function. The sciatic nerve 
supplies the muscles of the lower leg after it 
divides into the tibial nerve and the peroneal 
nerve. The tibial nerve supplies the muscles of 
the posterior compartment and the skin of the 
medial hind foot. Injury to the peroneal nerve 
results in the inability to dorsifl ex the foot. The 
deep peroneal nerve courses through the anterior 
compartment and provides motor innervation to 
anterior compartment and sensation to the fi rst 
and second toes. The muscles of the lateral com-
partment are supplied by the superfi cial peroneal 
nerve which also provides sensation to the skin of 
the anterolateral foot. The femoral nerve pro-
vides cutaneous branches to the anterior thigh, 
muscular branches to the pectineus, sartorius, the 
quadriceps femoris, and the vastus group of 
muscles.

   It is critical to perform a complete initial 
examination of the vascular system during the 

secondary survey in order to identify potentially 
lethal injuries and to repeat the exam at frequent 
intervals in order to detect signifi cant changes. 
The presence, asymmetry, or absence of all 
peripheral pulses should be recorded in addition 
to the color and temperature of the extremity. 
Bruits and thrills in areas of suspected arterial 
injury may indicate the presence of signifi cant 
stenosis, arteriovenous fi stulae or pseudoaneu-
rysm. The compartments of the affected extrem-
ity should be assessed subjectively for excessive 
pressure in comparison to the uninjured leg and 
measured objectively as necessary. Hematomas 
should be assessed for pulsatility or expansion. 
Distended superfi cial veins or excessive extrem-
ity edema may indicate proximal venous 
obstruction or the presence of arteriovenous 
communications. 

 The evaluation of vascular injuries utilizes a 
group of clinical indicators commonly referred 
to as “hard” and “soft” signs (Fig.  23.3 ). The 
hard signs of vascular injury include observed 
pulsatile bleeding; absent distal pulse; expand-
ing hematoma; audible bruit; palpable thrill; or 
a cold, pale, or mottled extremity. The sensitiv-
ity of any hard sign is nearly 100 % in the detec-
tion of signifi cant vascular injury [ 13 ]. In the 
absence of other higher-priority, life-threatening 
injuries, the presence of a hard sign of vascular 
injury typically indicates the need for emer-
gency surgical treatment. In a patient with obvi-
ous extremity bleeding, the patient should be 
taken directly to the operating room for immedi-
ate exploration. In a patient with limb ischemia, 
expeditious vascular imaging, optimally per-
formed in the operating room, prior to surgical 
exploration may be preferable to blind surgical 
exposure, particularly in patients with multiple 
sites of suspected injury. Recent experimental 
evidence suggests that the duration of limb isch-
emia is related to the magnitude of detrimental 
systemic effects following reperfusion, further 
emphasizing the need to avoid excessive delay 
in attempts to obtain preoperative imaging [ 14 ]. 
As previously discussed, in a patient without 
clinical signs of overt ischemia, the absence of 
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Signs of traumatic vascular injury

  Fig. 23.3    Clinical indicators of vascular injury       
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an isolated pedal pulse may warrant nonopera-
tive management particularly in the setting of 
other signifi cant nonvascular injuries. Elective 
vascular imaging with color fl ow Doppler and 
CT-, MR-, or catheter angiography to rule out 
signifi cant intimal fl ap, pseudoaneurysm, or 
arteriovenous fi stula is appropriate in stable 
patients without ischemia if a nonoperative 
approach is elected.

   The “soft” signs of vascular injury include a 
history of pulsatile bleeding, diminished pulse 
compared to the contralateral uninjured extrem-
ity, proximity of bony fragment or penetrating 
wounds adjacent to arterial structures, and iso-
lated neurologic defi cit of the injured extremity. 
The specifi city of “soft signs” for the detection of 
signifi cant arterial injury is less than 5 %. 

 As an adjunct to the physical examination, the 
ankle- brachial index (ABI) may aid assessing the 
presence and severity of vascular injury. The 
ABI is the ratio of the highest blood pressure 
detected by continuous wave Doppler at the level 
of the ankle of the injured lower extremity 
divided by the highest blood pressure in an unin-
jured upper extremity. Both upper and lower 
extremity blood pressure measurements are per-
formed using the Doppler rather than a stetho-
scope. The ABI may be performed at the bedside 
with only a manual blood pressure cuff and a 
continuous wave Doppler and does not require 
advanced imaging equipment or a certifi ed vas-
cular technologist. 

 The accuracy of Doppler-derived ABI in 
patients with lower extremity vascular injuries 
has been reported with both penetrating and 
blunt lower extremity trauma. Lynch and 
Johansen examined the sensitivity and specifi c-
ity of ABI measurements in trauma patients 
with suspected lower extremity vascular injury 
[ 15 ]. In this series of 100 consecutive injured 
limbs that were evaluated by Doppler-derived 
ABI and contrast angiography, an ABI of less 
than 0.9 was 87 % sensitive and 97 % specifi c 
for the detection arterial injury. From these data 
the authors suggested that in the absence of 

hard signs of arterial injury, an ABI is an accept-
able alternative to angiography particularly if 
there is an anticipated period of continued 
observation [ 16 ]. 

 The use of ABI has also been applied to the 
evaluation of patients with blunt vascular inju-
ries of the lower extremity associated with frac-
tures and dislocations. A controlled trial that 
included 75 consecutive patients with knee dis-
locations that were believed to be at high risk for 
vascular injury was performed to determine the 
diagnostic accuracy of ABI [ 17 ]. The negative 
predictive value of a Doppler-derived ABI 
greater than 0.9 was 100 %. Of the 30 % of 
patients with an ABI less than 0.9, 70 % had an 
injury that was diagnosed by angiography, 50 % 
of which required repair. This study again dem-
onstrates the value of a simple, noninvasive diag-
nostic test that provides important objective 
information that can be performed rapidly at the 
bedside [ 17 ]. 

 Despite the obvious advantages of 
 Doppler- derived ABI in the trauma setting, there 
are several situations and patient characteristics 
that may render the ABI inaccurate. Injuries to 
non- axial lower extremity arteries such as the 
profunda femoris or the peroneal artery may 
exist despite a normal ABI. Also, a nonobstruc-
tive intimal fl ap, an arteriovenous fi stula, or a 
pseudoaneurysm may not be associated with a 
decrease in the ABI. In these situations a height-
ened clinical suspicion based on mechanism of 
injury and anatomic location of injury is instru-
mental in pursuing further diagnostic testing 
(Fig.  23.4 ).

23.6        Diagnostic Imaging 

23.6.1     Selective Contrast 
Angiography 

 Mandatory surgical exploration of “proxim-
ity” extremity wounds was largely abandoned 
in the 1970s in favor of less invasive  vascular 
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 imaging [ 18 ]. Angiography has a sensitivity 
of >95 % and specifi city of >90 % in detect-
ing arterial injury [ 19 ]. In addition, diagnostic 
angiography- and combined with catheter-based 
intervention has emerged as a valuable treatment 
option in certain situations such as active hemor-

rhage, pseudoaneurysm, occlusion, and AV fi s-
tula in both blunt and penetrating injuries. On the 
other hand, angiography is invasive and has many 
well- recognized complications including punc-
ture site complications, contrast nephropathy, 
allergic reactions, and remote vessel injury.  

Penetrating or Blunt Extremity Trauma

Active hemorrhage, expanding
hematoma, severe ischemia

Yes

Intraoperative arteriogram
Vascular repair

High
ABI <1.00

Pulse deficit

Observation
± serial

arteriography

Minimal arterial
injury

Operation
or

embolization

Major arterial
injury

Low
ABI ≥1.00

Pulse deficit

No

Arteriography Observation

Risk classification

Normal

Observation

  Fig. 23.4    Diagnostic 
algorithm for lower extremity 
vascular injury       
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23.6.2     Computed Tomographic 
Angiography 

 Multi-slice helical computed tomographic angi-
ography (CTA) has been increasingly used in the 
evaluation of lower extremity vascular injuries in 
major trauma centers [ 20 ]. Major improvements 
in CT technology and its widespread availability 
have resulted in considerable reduction in the use 
of catheter-based angiography in the evaluation 
of extremity trauma (Fig.  23.5 ). CTA provides a 
rapid, noninvasive diagnostic tool that provides 
three-dimensional information regarding arterial 
injury as well as other soft tissue and bone inju-
ries in the same anatomic region. The sensitivity 
and specifi city of CTA for extremity vascular 
trauma has been demonstrated to be in excess of 

95 % for both penetrating and blunt injuries to 
large proximal vessels [ 21 ].

   Despite widespread use in the evaluation of 
trauma patients, there are a number of disadvan-
tages associated with CTA that must be consid-
ered in evaluating potential injuries to the small 
arteries of the lower leg. Errors in timing and 
dose of the contrast bolus may result in inade-
quate visualization of the tibial vessels. Spasm 
associated with shock and hypothermia may fur-
ther limit the adequate visualization of the distal 
vasculature. In addition, care must be taken to 
provide continuous monitoring of ventilation and 
hemodynamics during transport and transfer 
since the patient may be relatively inaccessible in 
the event of sudden clinical deterioration. Despite 
these disadvantages, CTA continues to gain 
widespread use in the evaluation of vascular 
extremity trauma.  

23.6.3     Duplex Ultrasonography 

 Duplex ultrasonography (DUS) combines color 
fl ow Doppler ultrasound with conventional ultra-
sound to render high resolution imaging of vas-
cular structures. The combination of the two 
modalities allows for the identifi cation and imag-
ing of specifi c arterial and venous structures. 
Duplex ultrasonography has been shown to be a 
reliable method of diagnosis in patients with 
potential vascular injuries and has been incorpo-
rated into a variety of trauma protocols. 
Sensitivity and specifi city of duplex ultrasound in 
the evaluation of extremity vascular injury have 
been reported as high as 95 % with overall accu-
racy between 96 and 98 % [ 22 ,  23 ]. 

 There are several advantages that make DUS 
an attractive option for evaluating vascular 
injury. It is noninvasive and painless, can be per-
formed in the trauma resuscitation area, and is 
easily repeated. It provides information regard-
ing the character of arterial fl ow, identifi cation of 
active hemorrhage, dissection, pseudoaneurysm, 
and AV fi stula. In addition, duplex ultrasound 
has the benefi t of allowing interrogation of the 
venous system which frequently harbors occult 
injury [ 24 ]. 

Popliteal artery

Anterior tibial artery

Tibioperoneal trunk

Peroneal artery

Posterior tibial artery

Dorsalis pedis artery

  Fig. 23.5    CTA imaging of normal infrapopliteal arteries. 
The  solid arrow  indicates a dominant anterior tibial artery 
and the  open arrow  shows the dorsalis pedis artery at the 
ankle       
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 Despite the aforementioned advantages of 
DUS, there are several important disadvantages 
and clinical situations where it may not be appro-
priate. DUS is highly operator dependent and 
may not be immediately available depending on 
local resources. It may not be possible to perform 
a complete arterial evaluation of an injured lower 
extremity due to overlying bandages or external 
fi xation. Lastly, the inability of the patient to 
cooperate with the study due to pain, open 
wounds, or impaired state may limit the effec-
tiveness of DUS. If any of these situations nega-
tively impacts the performance of the DUS, then 
alternative imaging will be required.   

23.7     Initial Management 

 Management can be organized by indication: 
hemorrhage, ischemia, and proximity. For 
patients with hemorrhage from extremity vascu-
lar injury, immediate surgical exploration is indi-
cated. For patients with other hard signs of 
vascular injury, expeditious transfer to an operat-
ing room for image-directed surgical repair is 
appropriate. In the patient with soft signs of arte-
rial injury or an abnormal ABI <0.9, additional 
imaging to identify arterial injury is recom-
mended. In the setting of ischemia, despite the 
widely published recommendation that blood 
fl ow must be restored within 6 h of injury to avoid 
permanent ischemic injury, there is no absolute 
time limit beyond which vascular repair is abso-
lutely contraindicated [ 25 ]. The degree of clinical 
ischemia is dependent on a number of factors in 
addition to the absolute duration of warm isch-
emia including the adequacy of collateral circula-
tion, the presence of simultaneous venous 
obstruction, and overall hemodynamic stability. 
The vascular surgeon must take these factors into 
consideration in determining the optimal timing 
of surgical intervention. 

 Special discussion of the patient with sus-
pected vascular injury in the association with 
fracture or dislocation is warranted. In the 
patient with a displaced fracture, the pulse and 
ABI should be determined both before and after 
orthopedic manipulation. If orthopedic manipu-

lation preserves or restores a normal palpable 
pulse and ABI, additional imaging is probably 
unnecessary. If orthopedic manipulation is not 
accompanied by preservation or prompt restora-
tion of normal distal perfusion, then additional 
vascular management is based on the severity 
and duration of ischemia. Direct communica-
tion between the orthopedic and vascular sur-
geon is critical in this setting to determine the 
optimal sequence of operative events. In most 
cases in the absence of profound ischemia (e.g., 
audible but abnormal Doppler signal at the 
foot), the orthopedic procedure should be com-
pleted prior to vascular reconstruction. If exter-
nal fi xation is selected, the orthopedic and 
vascular teams must coordinate the location of 
the orthopedic hardware to allow surgical expo-
sure of the vascular injury. This usually entails 
placement of orthopedic hardware along the lat-
eral aspect of the lower leg to allow medial 
exposure of the tibial vessels. Fracture fi xation 
prior to vascular repair has the benefi t of provid-
ing superior stability of the vascular repair and 
assures that the vascular reconstruction will not 
be compromised when the fracture is distracted 
and realigned. 

 Early restoration of blood fl ow prior to ortho-
pedic fi xation is appropriate in patients with pro-
found ischemia (absence of Doppler signal and 
signifi cant motor/sensory defi cit) particularly if 
the period of warm ischemia will exceed 4–6 h. 
In selected cases, an intraluminal shunt can be 
used to temporarily restore arterial fl ow during 
orthopedic manipulation. The technique of 
emergency vascular shunting is relatively 
straightforward. We prefer to use an outlying 
(30 cm) Sundt shunt that is designed with coni-
cal shoulders at each end to prevent dislodge-
ment. We prefer to secure the shunt in place with 
umbilical tape tourniquets or large “vessel 
loops” which are nearly universally available. 
Flow through the shunt should be demonstrated 
with Doppler. Venous shunts are usually unnec-
essary and occasionally meddlesome. In general, 
we recommend formal vascular repair immedi-
ately after the orthopedic procedure is completed 
although prolonged use of a temporary shunt for 
more than 24 h has been reported.  
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23.8     Operative Preparation 

 The operating team should be prepared for unan-
ticipated events. Special instruments for arterial 
repair including fl uoroscopy should be available. 
The patient should be positioned on a table that 
is suitable for fl uoroscopic imaging. The room 
should be arranged to accommodate additional 
equipment including cell saver and imaging equip-
ment. Preoperative antibiotics with gram- positive 
coverage should be administered prior to skin inci-
sion. Additional gram-negative coverage should 
be administered if there are associated fractures. 
The injured lower extremity should be draped and 
prepped widely taking into consideration a proxi-
mal point that may be required to obtain arterial 
control or provide infl ow for bypass. The contra-
lateral leg should also be prepped into the fi eld in 
the event that the contralateral greater saphenous 
vein (GSV) or deep femoral vein is required for 
arterial reconstruction. 

23.8.1     Surgical Treatment 

 The initial step in surgical management is to obtain 
proximal control prior to exposure of the arterial 
injury. In general, proximal control should be 
established as close to the injury as possible with-
out risking hemorrhage due to inadvertent entry 
into the injury site. Initial proximal control at the 
level of the common femoral artery will usually 
prevent life-threatening exsanguination from an 
extremity vascular injury, but will not provide suf-
fi cient hemostasis to allow completion of the arte-
rial repair. The above-knee popliteal artery is 
exposed through a medial incision and retraction 
of the sartorius and vastus medialis muscles. For 
more distal injuries, proximal control of the below-
knee popliteal artery is appropriate. Exposure is 
obtained through an 8–10 cm incision located a 
fi ngerbreadth behind the tibia followed by poste-
rior retraction of the medial head of the gastrocne-
mius. The popliteal vein should be retracted 
toward the table to expose the artery and to avoid 
injury to the tibial nerve. Temporary proximal 
control using an extremity tourniquet is an accept-
able alternative. The tourniquet should be defl ated 
when conventional vascular control is obtained. 

 In the absence of a contraindication such as 
intracranial hemorrhage, extensive soft tissue 
injury, or intra-abdominal solid organ fracture, 
we prefer to administer systemic intravenous 
heparin (50 units/kg) during the period of vascu-
lar occlusion. Local instillation of dilute heparin-
ized saline (1 unit/cc) into the infl ow and outfl ow 
vessels is a satisfactory alternative if the risk of 
systemic anticoagulation is thought to be exces-
sive. In either case, the surgeon should be pre-
pared to use a Fogarty embolectomy catheter at 
the completion of the procedure to assure com-
plete clearance of thrombus from the runoff. 

 Once proximal control is obtained, the area of 
injury can be directly exposed. Care should be 
taken to avoid overly aggressive dissection to 
prevent iatrogenic vascular injury. The following 
principles apply to all vascular injuries below 
the knee:
    1.    Vascular repairs should be tension-free. With 

the exception of the popliteal artery, primary 
repair is not usually possible for injuries that 
require resection of even very short vessel seg-
ments. Interposition vein graft should be con-
sidered if there is any concern that the 
reconstruction will be under excessive tension.   

   2.    Debride all devitalized tissue. This is 
 particularly important for arteries that have 
been crushed or injured by high-velocity bul-
lets. To the degree possible, it is best to resect 
all injured artery until normal endothelium is 
visualized.   

   3.    The completed arterial repair should replicate, 
as much as feasible, normal arterial anatomy. 
It is axiomatic that the arterial repair should 
not be stenotic, but it is equally important to 
avoid an excessively patulous repair that sim-
ulates the fl ow through an aneurysm. An 
overly large patch or a poor-size match 
between a small artery and larger vein can cre-
ate turbulent fl ow patterns that increase the 
risk of thrombosis.   

   4.    Adequate exposure is critical to performing a 
satisfactory vascular repair, and the surgeon is 
encouraged to extend the incision as needed.   

   5.    Interrupted sutures reduce the risk of creating 
a stenotic repair due to “purse-stringing” a 
running suture.   

   6.    Completion angiography is recommended.     
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23.8.1.1     Popliteal Artery and Vein 
 Injury to the popliteal artery up to 1 cm in length 
can usually be primarily repaired using fi ne mono-
fi lament suture (5-0 or 6-0 polypropylene). Loss of 
more than a centimeter in length usually requires 
an interposition graft. While synthetic grafts may 
be occasionally appropriate to avoid the delay 
associated with vein harvest, they are vulnerable 
to infection and are associated with inferior long-
term patency in comparison to autogenous conduit. 

 Ligation of the popliteal vein may be associ-
ated with signifi cant symptoms of venous 
obstruction [ 2 ]. In the setting of simple lacera-
tion, primary repair is easily accomplished, adds 
only minutes to the operation, and has the poten-
tial to preserve normal venous hemodynamics. 
More complex popliteal vein procedures includ-
ing bypass are associated with a substantial risk 
of thrombosis. Ligation of the popliteal vein 
should almost always be an indication for four-
compartment fasciotomy.  

23.8.1.2     Tibial Vessels 
 Simple ligation of isolated injury to the PT, AT, 
or peroneal artery is usually well tolerated. We 
prefer to preserve at least two patent tibial ves-
sels at the completion of the procedure even 
though viability of the foot is almost always 
assured if even one distal pulse can be estab-
lished [ 26 ,  27 ]. If the patient is hemodynami-
cally stable and vascular reconstruction will not 
unduly delay surgical treatment of other urgent 
injures (e.g., orthopedic), then we prefer to 
repair even isolated injuries to the AT or PT. 
Isolated injury to the peroneal artery is usually 
best treated by ligation. In extensive injuries to 
the lower leg that interrupt all three tibial  vessels, 
fl ow in at least one tibial vessel should be 
restored. 

 The type of arterial repair is determined by the 
extent of arterial injury discovered at the time of 
exploration (Fig.  23.6 ). Focal lacerations, such 
as those seen most commonly in penetrating 
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 injuries, without extensive arterial loss of length 
can generally be repaired either primarily or with 
the use of vein patch angioplasty.

   In the setting of a longer arterial injury that 
precludes tension-free primary repair, vein graft 
interposition or bypass is recommended. The 
arterial anastomosis should be performed under 
magnifi cation with fi ne polypropylene sutures. 
Completion angiography should be performed in 
the operating room to evaluate the reconstruction 
and confi rm the adequacy distal perfusion.   

23.8.2     Intravascular Shunts 

 Intravascular shunts have become a popular 
means of re-establishing temporary distal arterial 
fl ow in extremity vascular injuries primarily as a 
result of wartime trauma experience. Shunts 
have been shown to be an excellent means of 
providing distal perfusion following battlefi eld 
injury when there is an anticipated delay in 
defi nitive vascular repair and reperfusion [ 7 ]. 
Shunts placed in the proximal arteries above the 
knee have higher patency than shunts placed in 
the smaller arteries below the knee (86 % vs. 
12 %). There appears to be a positive relation-
ship between arterial and venous shunt use and 
the need for fasciotomy and amputation, but 
these data included a mixture of vascular injuries 
[ 28 ]. Due to the small diameter of the tibial ves-
sels, the benefi t of temporary shunting in distal 
infrapopliteal vascular injuries is limited. 
Shunting is discussed in a dedicated chapter of 
this textbook.  

23.8.3     Fasciotomy and Compartment 
Syndrome 

 Decompression of compartmental hypertension 
has been recognized as an important component 
of the treatment of lower extremity vascular 
 injuries. The lower leg consists of four compart-
ments including the anterior, lateral, superfi cial 
 posterior, and deep posterior compartments. 

Reperfusion may result in rapid tissue swelling 
that initially obstructs venous outfl ow and even-
tually compromises arterial infl ow. The risk of 
compartment syndrome is related to the duration 
and severity of ischemia, presence of venous out-
fl ow obstruction, extent of direct soft tissue 
trauma, as well as overall hemodynamic instabil-
ity. Peripheral nerves are particularly sensitive to 
increased compartment pressures. Four- 
compartment fasciotomy should be considered in 
most cases of extremity vascular trauma with a 
period of prolonged ischemia, particularly in 
patients with venous outfl ow obstruction. The 
most common consequence of untreated com-
partment syndrome is peripheral nerve palsy 
resulting in an insensate limb as well as possible 
paralysis. Muscle necrosis can occur in severe 
cases of delayed decompression. 

 The indications for prophylactic fasciotomy 
(absence of compartment syndrome) in lower 
extremity injury include profound ischemia of 
greater than 4–6 h duration, combined arterial 
and venous injury, prolonged shock, venous liga-
tion, and extensive soft tissue and skeletal injury 
(Fig.  23.7 ).

   There are two options for performing four-
compartment fasciotomy: one-incision and the 
two- incision techniques. The goal of both tech-
niques is to incise the investing fascia of each 
muscle compartment of the lower leg to lower 
intracompartmental pressure both immediately 
and for future possible  swelling. The  one-incision 
technique is performed through a single 15–20 cm 
incision over the anterior compartment. The fas-
cia over the anterior and lateral compartments is 
exposed and incised longitudinally to completely 
decompress both compartments. The posterior 
superfi cial compartment is entered just posterior 
to the fi bula. The deep posterior compartment 
requires that the soleus muscle be released from 
the bony attachment. 

 The two-incision technique of fasciotomy is 
performed through medial and lateral incisions 
on the lower leg (Fig.  23.7 ). The anterior 
and lateral compartments are decompressed 
through the lateral incision, and the posterior 
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superfi cial and deep compartments are entered 
through the medial incision. Details on 
 fasciotomy can be found in the dedicated 
 chapter in this textbook.  

23.8.4     Endovascular Treatment 

 Endovascular treatment of vascular injuries has 
gained wide acceptance for a variety of injuries 
such as blunt aortic injuries, pelvis venous inju-
ries, and control of hemorrhage in vascular beds 
that are diffi cult to expose. The use of endovas-

cular techniques in the treatment of vascular 
injuries below the knee is generally limited to 
coil embolization of nonessential arteries for 
hemorrhage and exclusion of pseudoaneurysms, 
and AV fi stulas. Endografts are generally not 
appropriate in the small vessels below the knee. 
Recanalization of acutely occluded distal arter-
ies is possible, but the potential scenarios in 
which this would be applicable are limited. This 
limitation is due in part to the nature of distal 
vascular injuries most of which are highly acces-
sible for surgical approach. Further, there are 
very few options available for covered stents in 
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the diameter range suitable for infrapopliteal 
artery treatment. Other possible applications of 
an endovascular adjunct are to establish proximal 
control using a catheter- directed intraluminal bal-
loon and coil embolization of a feeder vessel 
prior to orthopedic repair of an adjacent fracture. 

 Access to the infrapopliteal arteries may be 
accomplished through a variety of access points 
in the arterial tree. The arterial cannulation site 
can be any patent vessel that is in continuity with 
the site of planned intervention. However, the 
access must be within the available delivery 
lengths of the endovascular devices necessary to 
successfully treat the arterial injury. Common 
access sites for treatment of infrapopliteal inju-
ries include retrograde cannulation of the contra-
lateral common femoral artery and an “up and 
over” approach to the opposite lower extremity, 
antegrade cannulation of the ipsilateral common 
femoral artery, and retrograde access through the 
pedal arteries at the ankle. 

 Retrograde and antegrade femoral access is 
commonly achieved by direct single-wall arterial 
puncture technique. In obese patients or those 
with hypotension in whom femoral pulses are not 
easily palpable, ultrasound guidance is recom-
mended to avoid additional arterial injury. 
Following successful access to the contralateral 
CFA, a guide wire is passed across the bifurca-
tion followed by a crossover sheath. Antegrade 
puncture of the ipsilateral CFA must be planned 
carefully, as inadvertent direct puncture of the 
SFA or PFA may increase the risk of puncture 
site occlusive complications.  

23.8.5     Tibiopedal Retrograde Access 

 Tibiopedal retrograde access (TRA) has gained 
favor in the endovascular suite as an alternative 
technique to cross lower extremity atheroscle-
rotic occlusions with a wire. In this procedure, 
traditional access is initially obtained from 
the common femoral artery either ipsilateral or 
contralateral to an infrainguinal occlusion. 
Antegrade attempts to cross the occluded arterial 
segment may be unsuccessful due to fi brosis or 

calcifi cation. Subintimal techniques for crossing 
these occlusions from may be limited by severe 
arterial wall calcifi cation, perforation, or exten-
sion of the subintimal plane too distal (beyond 
important collaterals). Reentry devices are valu-
able in the femoropopliteal artery, but none exist 
for tibial use. Consequently, retrograde tech-
niques provide an alternative access to the vessel. 

 There are several methods to achieve retro-
grade access to the tibial arteries. The most basic 
approach involves a single proximal access site 
(either ipsilateral or contralateral common femo-
ral artery) with catheter advanced to the infrain-
guinal region [ 28 – 31 ]. This fi rst strategy requires 
a patent tibial artery and good collateral distal to 
the occluded tibial artery. A small catheter (2.4–
2.8 Fr) is passed over a 0.014 in. fl exible wire 
down the patent tibial artery, through the collat-
eral, and then retrograde to the distal aspect of the 
tibial occlusion. Once the wire traverses the 
occlusion, then it can be brought out the sheath in 
a retrograde direction. Intervention can then pro-
ceed from the proximal access site over the exter-
nalized retrograde wire. A catheter could also be 
advanced through the occlusion over the retro-
grade wire before it is removed with antegrade 
replacement of the wire through the distally 
placed catheter. 

 The second strategy involves using two access 
sites, one from the common femoral artery and 
one from the distal tibial artery. The proximal 
access enables contrast injection for direct visu-
alization of the tibial artery at the time of punc-
ture. The distal puncture can also be performed 
after “road mapping” or using ultrasound guid-
ance. After puncture, a 0.014 or 0.018 in. wire is 
advanced retrograde. A small dilator, sheath, or 
catheter can support the wire. After crossing the 
occlusion, the wire can be externalized through 
the proximal access with a snare or direct deliv-
ery of the wire into the sheath or catheter. Usually 
the largest, most accessible tibial artery is cho-
sen, such as the anterior tibial artery or posterior 
tibial artery. The peroneal artery is accessed least 
frequently. 

 The third strategy utilizes a technique of dual 
balloon infl ation and can be utilized in patients in 
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which the occlusion cannot be crossed despite 
dual access. Small balloons (~2 mm diameter) 
disrupt the membrane between the two subinti-
mal channels creating a communication enabling 
wire traversal and subsequent treatment of the 
occlusion. 

 Even with very experienced physicians, com-
plications from TRA include arterial occlusion, 
dissection, and perforation. Radiation exposure 
of the operator’s hands can be very signifi cant 
since cannulation of the artery rarely is success-
ful with one pass of the needle. The distal tibial 
artery can be further traumatized from sheath 
insertion, removal of winged balloons, or athero-
matous embolization. The greatest challenge 
might be achieving hemostasis of the tibial artery 
puncture site after the intervention. Often just 
hand pressure is held over the site, but other 
options include use of a radial artery hemostatic 
band over the puncture site, infl ation of a blood 
pressure cuff over the puncture site, and infl ation 
of a small balloon delivered from a proximal 
sheath and infl ated at the puncture site after 
sheath removal [ 29 ,  31 ]. 

 Once access has been obtained to the vascular 
territory that has been injured, there are multiple 
options available. The treatment of acute hemor-
rhage or AV fi stula may be accomplished by pre-
cise placement of appropriately sized coils, gel 
foam, or glue to cause thrombosis of the target 
vessel. Flow-limiting dissections can be treated 
by angioplasty and stent placement stabilizing 
the intraluminal septum to restore unimpeded 
distal fl ow, and pseudoaneurysms may be effec-
tively treated with stent placement with or with-
out trans-stent coil embolization of the 
pseudoaneurysm cavity. Each of these techniques 
requires advanced endovascular skills which 
should only be attempted by well-trained, experi-
enced vascular specialists.  

23.8.6     Primary Amputation 

 One of the most challenging decisions facing a 
surgeon is whether to perform a primary amputa-
tion after extremity trauma. There are a variety of 

assessment tools designed to quantitatively pre-
dict the viability of a severely injured lower 
extremity such as the Mangled Extremity Severity 
Score (MESS) [ 32 ]. This scoring system assigns 
values based on the severity of skeletal or soft 
tissue injury, limb ischemia, shock, and patient 
age. In a small study, a MESS score of 7 or 
greater accurately predicted limb loss in almost 
100 % of patients. Unfortunately, there is not a 
scoring system that reliably contributes to the 
decision to perform primary amputation [ 32 ]. 
While such evaluation tools like MESS are help-
ful in the development of an organized assess-
ment, the predictive value has been suspect in 
accurately predicting limb function outcomes 
except for those with very severe extremity inju-
ries, and MESS should never be utilized as the 
sole deciding factor in amputation. Most vascular 
injuries below the knee are not isolated injuries. 
Long bone fractures, nerve injuries, and soft tis-
sue injuries are commonly encountered as a 
result of both penetrating and blunt injuries. Input 
from vascular surgeons, trauma surgeons, plastic 
surgeons, and orthopedic surgeons is essential to 
provide the best possible assessment of viability 
of the injured extremity. 

 A warm ischemia time of greater than 6 h has 
long been felt to be the threshold for limb viabil-
ity, beyond which there is an assumed increased 
incidence of limb loss. This time frame was 
established as the result of canine studies of hind 
limb ischemia by Miller et al. dating back to 1949 
[ 33 ]. In this model, limb salvage decreased as 
ischemia time increased. Limb salvage for isch-
emia time less than 6 h was 90 %; for 12–24 h, 
the limb salvage rate was 50 %; and for greater 
than 24 h, the limb salvage rate was a less than 
20 %. While these ischemic times are useful as a 
guide to management, strict reliance on these 
data should be avoided when contemplating pri-
mary amputation. The decision should be made 
based on a comprehensive evaluation of the 
degree of distal perfusion following vascular 
repair, the anticipated nerve defi cit, and the per-
ceived functional outcome following recovery. 
Re-establishment of perfusion to the distal 
extremity can be accomplished in most cases, but 
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the major determinants of functionality are the 
degree of nerve defi cit as well as the extent of 
bone and soft tissue defect. In the event of a fi xed 
insensate foot secondary to prolonged nerve isch-
emia or tissue loss to the degree that there is no 
potential for functional weight bearing and 
ambulation, serious consideration should be 
given to primary amputation.  

23.8.7     Postoperative Management 

 Following vascular repair, patients should be 
monitored closely in an ICU acute care setting in 
order to monitor hemodynamic status, and per-
form serial vascular examinations with Doppler 
interrogation of distal perfusion to assess 
patency. The injured lower extremity should be 
maintained in an elevated position (>30°) if pos-
sible to decrease edema. This positioning is espe-
cially important in patients with open fasciotomy 
wounds as it decreases edema and soft tissue 
volume that can improve the chances of delayed 
primary closure. 

 Patients must also be carefully monitored for 
evidence of reperfusion injury following resto-
ration of arterial fl ow to ischemic tissue. Release 
of oxygen free radicals and other products of 
cellular lysis may lead to metabolic acidosis, 
hypotension, cardiac arrhythmia, renal failure, 
multi-system organ failure, and death. Prompt 
administration of oxygen free radical scaven-
gers such as mannitol, sodium bicarbonate, and 
heparin has been advocated to reduce the impact 

of toxic radicals formed during periods of tissue 
anoxia. Prophylactic administration of mannitol 
and sodium bicarbonate is recommended prior 
to reperfusion of ischemia tissue.  

23.8.8     Outcomes 

 The outcomes in terms of mortality and limb 
loss in infrapopliteal vascular trauma are based 
on the extent of associated nerve, bone, and soft 
tissue injuries (Fig.  23.8 ). In a recent report vas-
cular injuries below the knee with less than two 
of these associated tissue injuries resulted in no 
amputations. However, if all three associated tis-
sue injuries were present, limb loss was 54 % 
[ 34 ].

   Proximal lower extremity vascular injuries 
have a higher mortality rate but decreased rate of 
limb loss, while distal lower arterial injuries have 
a lower mortality rate but increased frequency of 
amputation [ 35 ]. From the injury mechanism 
standpoint, popliteal or tibial injuries are twice as 
likely to require amputations if sustained second-
ary to blunt injury emphasizing that concomitant 
tissue injury signifi cantly affects outcome of 
limb salvage [ 35 ].  

23.8.9     Pitfalls and Pearls 

 The successful management of patients with 
extremity vascular injuries requires careful atten-
tion to the detail, meticulous technique, and 

CFA SFA

Mortality Amputation

Popliteal Tibial

10

8

6

4

2

0

  Fig. 23.8    Mortality and 
amputation rates (percent-
ages) by most proximal 
vessel injured       

 

J.W. York and J.F. Eidt



297

 seasoned judgment. Even the most capable of 
vascular surgeons has struggled to avoid the pit-
falls that stand in the way of achieving the ideal 
clinical result for each patient. The most common 
challenges that face the surgeon can be divided 
into the evaluation, treatment, and posttreatment 
phases. 

 It is critical to obtain a detailed history of the 
events leading to the vascular injury. The descrip-
tion of the accident scene by the EMTs, such as 
the presence and quantity of blood, may provide 
important clues to the presence of an arterial 
injury. A history of vascular disease or peripheral 
intervention may have a signifi cant impact on the 
selection of treatment options. A history of alco-
hol use may warrant prophylaxis against delirium 
tremens. Vasoactive drug injection (e.g., amphet-
amines) may complicate vascular repairs. In 
addition, the vascular surgeon must be wary of 
life-threatening nonvascular injuries (e.g., brain, 
abdominal solid organ, or cardiac) that may take 
priority over extremity injuries. 

 The physical exam should focus on identifi ca-
tion of signs of vascular injury as well as assess-
ment of other complicating systemic injuries. All 
peripheral pulses should be palpated and recorded 
along with any sensory or motor defi cits before 
(and after) every orthopedic manipulation. 
Extremity deformity should be assessed. The 
ABI can serve as an important adjunct to the 
physical exam. While a normal ABI (>0.9) does 
not eliminate the possibility of a vascular injury, 
an abnormal ABI should generally be followed 
by appropriate imaging to defi ne the presence 
and signifi cance of vascular injuries. In patients 
with critical limb ischemia, the decision to fur-
ther delay revascularization by obtaining vascu-
lar imaging in a radiology suite must be weighed 
against the harm of prolonged ischemia. Contrast 
angiography performed intraoperatively at the 
time of surgical exploration represents the most 
effi cient method of evaluating the suspect arterial 
tree. CTA on the other hand allows evaluation of 
proximal extremity vessels as well as orthopedic 
and soft tissue injuries. CTA, and Imaging of the 
arteries below the knee may be inadequate due to 
timing of the contrast bolus. Ultrasound may be 
useful to evaluate isolated injuries and to detect 

simultaneous deep vein thrombosis but is often 
not available at night or weekends and may be 
limited by hematoma, orthopedic hardware, and 
patient cooperation. 

 The most important decision that the surgeon 
faces is the decision for surgical intervention. In 
many cases, a viable extremity even in the 
 presence of a known vascular injury may be best 
treated without immediate surgery. The surgeon 
must weigh the risk of intervention against the 
risk of acute limb loss and/or the likelihood of 
long-term limb dysfunction. In the presence of a 
solitary pulse palpable in either the dorsalis 
pedis or posterior tibial artery and normal ABI, 
most injuries to isolated tribal vessels are best 
treated conservatively. Most pseudoaneurysms 
and arteriovenous connections can be treated 
electively. 

 In the operating room, the surgeon should pre-
pare for the worst-case scenario rather than react-
ing after the fact. Most injured patients should be 
placed in the supine position, and both lower 
extremities including the groins should be draped 
to ensure availability of autogenous conduit (e.g., 
deep femoral or saphenous vein) and/or access 
sites for percutaneous angiography and interven-
tion. One exception to this rule is isolated blunt 
injury to the popliteal artery. In patients with pos-
terior dislocation of the knee, the injury to the 
popliteal artery (and vein) is almost invariably 
limited to the segment of the artery directly adja-
cent to the joint line. Many surgeons prefer to 
expose the popliteal artery through an S-shaped 
posterior incision after harvesting saphenous 
vein with the patient in the supine position. 
Injuries that involve the infrapopliteal trifurca-
tion (origin of anterior tibial artery, tibioperoneal 
trunk, and origins of peroneal and posterior tibial 
artery) are notoriously diffi cult to expose due to 
the likelihood of concomitant venous and bone 
injury. There is a rich plexus of short, wide veins 
that must usually be divided to expose the proxi-
mal trifurcation. Use of a thigh-high pneumatic 
tourniquet can dramatically reduce the risk of 
blood loss in this sitting and decrease the chance 
of iatrogenic venous injury. 

 Meticulous attention to atraumatic vascular 
technique is critical in the management of distal 
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extremity injury. Care should be taken to limit 
the handling of all injured blood vessels and 
veins with particular emphasis on avoiding 
direct injury to the endothelium. Fine inter-
rupted sutures may be preferable to running 
sutures which can create circumferential steno-
sis if excessive tension is used during the anas-
tomosis or tying the knot. Interrupted sutures 
also simplify the anastomosis in the setting of 
substantial size mismatch. Arteries in young 
healthy patients are more likely to spasm than 
atherosclerotic arteries in older patients. In 
addition, in most patients with isolated vascular 
trauma, systemic heparinization is appropriate. 
If there are concomitant injuries that preclude 
the safe use of systemic anticoagulation, liberal 
use of local heparin fl ush is usually effective in 
preventing thrombosis during the vascular 
repair. It is important to remember that while 
most vascular patients are on aspirin or other 
antiplatelet agents, the same is uncommon in 
trauma patients. Platelet aggregation at the site 
of vascular suture lines can result in vexing 
thrombosis. Some surgeons prefer to administer 
dextran to reduce the risk of platelet aggrega-
tion. It is useful to forward fl ush and back bleed 
infl ow and outfl ow vessels vigorously, followed 
by irrigation with heparinized saline immedi-
ately before restoring fl ow. 

 In assessing the severity of the arterial injury, 
the surgeon must decide between primary repair 
and interposition grafting. One of the most com-
mon errors is persisting in attempts to perform a 
primary repair when a short interposition graft 
would be better. In most cases, the injured artery 
should be completely excised or bypassed rather 
than persisting in futile efforts at primary repair 
that risk thrombosis or disruption related to 
excessive tension on the arterial repair. Most sur-
geons prefer to use autogenous tissue for vascular 
repair in the setting of gross contamination 
because of the risk of synthetic graft infection. 
Synthetic grafts may be appropriate in the 
absence of suitable autogenous conduit (rare) or 
for expediency (common). 

 The adequacy of distal perfusion must be 
assessed after the arterial repair. A palpable pulse 

may not be immediately detected following res-
toration of arterial fl ow, but the Doppler signal 
should be signifi cantly improved. On-table angi-
ography to confi rm the patency of the repair as 
well as distal runoff is strongly recommended. 
Distal embolism frequently accompanies proxi-
mal arterial injuries. Simple catheter 
 thrombectomy is usually highly effective in 
retrieving fresh thrombus, but it should be noted 
that overly aggressive use of balloon thrombec-
tomy can induce signifi cant endothelial injury. 
Balloon trauma can result in severe vasospasm 
acutely and may be associated with intimal 
hyperplasia within the fi rst few months following 
vascular repair. 

 Four-compartment fasciotomy should be con-
sidered in all patients with signifi cant warm isch-
emia time prior to revascularization and in 
patients with concomitant venous injuries. 
Postoperatively the injured extremity should be 
elevated to reduce edema. Pulses and Doppler 
signals should be checked frequently during the 
fi rst few hours to assure the durability of the 
repair. DVT prophylaxis should be employed. 
Prophylactic antibiotics should be used as in 
other vascular cases. Long-term follow-up should 
be arranged.   

    Conclusion 

 Vascular injuries below the knee present a 
diffi cult challenge to vascular surgeons due to 
the complex nature of injuries in this ana-
tomic region. A multidisciplinary approach is 
vital in management as there are commonly 
associated nerve, bone, and soft tissue inju-
ries all of which affect outcomes. There are 
several principles in the management of these 
injuries: (1) control of hemorrhage; (2) assess 
whether the injured limb is salvageable; (3) 
assess extent of vascular injury and degree of 
distal perfusion; (4) reassess distal perfusion 
following reduction of displaced fractures; 
(5) reconstruct or ligate injured arteries, if 
bleeding; and (6) recognize, prevent, and treat 
compartment syndrome and reperfusion 
injury.     
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24.1           Introduction 

 In the past two decades, tremendous advances 
have been made in the area of surgical critical 
care. Advances in resuscitation strategies, 
improvements in our understanding of multiple 
organ failure, and the increasing focus on the uti-
lization of evidence-based medicine have all con-
tributed to improved outcomes for traumatically 
injured patients. One of the distinguishing fea-
tures of ICU care is the ability to provide contin-
uous, intensive physiologic monitoring of the 
patient. In the setting of vascular trauma, this 
includes the ability to invasively monitor blood 
pressure and perform frequent neurovascular 
checks. Any change in a patient’s clinical status 
should prompt further investigation. 

 Management of critically injured trauma 
patients is best performed in the setting of a mul-
tidisciplinary intensive care unit (ICU) team. 
Patients suffering from vascular trauma, whether 
blunt or penetrating, often have other associated 
injuries that require coordination of care from 
multiple specialists including the ICU team. In 
addition, many patients will have preexisting 
medical conditions that can further complicate 
their clinical management. All of these factors 
increase the complexity of patient management 
and further emphasize the need for  comprehensive 
care delivered by a critical care specialist. It is 
beyond the scope of this chapter to discuss all of 
the potential critical care issues that critically 
injured trauma patients may face. However, 
we have attempted to identify those clinical 
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 situations that are most commonly encountered 
in the ICU in patients suffering from vascular 
trauma. This includes monitoring for extremity 
compartment syndrome, pharmacologic manage-
ment of blunt aortic injury, and medical manage-
ment of blunt cerebrovascular injuries.  

24.2     Monitoring for Extremity 
Compartment Syndrome 

 Compartment syndrome is defi ned as increased 
pressure within an osteofascial compartment 
which limits perfusion to its contents, including 
muscles and nerves [ 1 ]. This increased pressure 
can be generated by a variety of mechanisms, the 
majority of which are secondary to trauma. These 
include long bone fracture, vascular injury with 
associated ischemia and reperfusion, as well as 
hematoma formation, burns, and crush injury. In 
the non-trauma population, compartment syn-
drome has been described secondary to spontane-
ous hematoma formation, external compression 
of the limb, small thrombotic or embolic events, 
envenomation, IV infi ltration, and muscle over-
use [ 2 ]. Delayed compartment syndrome, 
although rare, can develop without injury sec-
ondary to aggressive resuscitation [ 3 ]. 

 Compartment syndrome is a clinical diagno-
sis, which must begin with a high level of suspi-
cion. Patients will often describe pain out of 
proportion and paresthesias. Physical exam will 
reveal tense muscle compartments and increased 
pain with passive motion of the affected muscle 
group. Pain is often the fi rst sign of compartment 
syndrome and the most sensitive fi nding. The 
pain is associated with pressure inside the mus-
culofascial compartment and associated muscle 
damage. Paresthesias also become evident early 
in the development of compartment syndrome, as 
nerves within the compartment are especially 
sensitive to ischemia. Damage to these nerves 
will result in the loss of sensory function fi rst [ 2 ]. 
Although the physical exam fi nding of tense 
compartments is often that which raises initial 
suspicion, it is important to remember that this is 
a subjective fi nding and that not all compart-
ments are easily palpable, including the deep 

posterior compartment of the lower leg and the 
deep fl exor compartment of the forearm. It is 
important to note that the presence of palpable 
distal pulses does not rule out compartment syn-
drome. Findings of ischemia including pallor, 
poikilothermia, and pulselessness are late and 
ominous fi ndings [ 4 ]. 

 Diagnosis of compartment syndrome can be 
especially challenging in the polytrauma patient 
who is unable to participate in the physical exam. 
Although signifi cant clinical suspicion is ade-
quate to form a diagnosis, more objective means 
of diagnosis are often considered. There are a 
variety of techniques through which intracom-
partmental pressures can be measured, though 
this is most commonly measured through the use 
of an electronic pressure monitor (Stryker Quick 
Pressure monitor instrument, Stryker Surgical, 
Kalamazoo, MI). This small, portable tool mea-
sures compartment pressures by placing a needle 
directly into the compartment of concern. Its 
accuracy has been confi rmed with comparison 
trials to other methods and reliability related only 
to the user’s understanding of anatomical loca-
tion of the compartments of concern [ 5 ]. There 
are two ways in which compartment syndrome 
can be viewed numerically: as an absolute com-
partmental pressure or as a pressure relative to 
the systemic blood pressure. Normal capillary 
pressure ranges between 20 and 30 mmHg. When 
compartment pressures rise above 30 mmHg, the 
patient is at risk of developing compartment syn-
drome [ 6 ]. The classic description of compart-
ment syndrome relative to systemic pressure 
involves a compartment pressure that is within 
30 mmHg of the diastolic blood pressure [ 7 ]. 
This defi nition is preferred by some as it takes 
into consideration the hemodynamic status of the 
patient. Hypotensive patients by defi nition will 
have decreased perfusion pressures and therefore 
will tolerate less increase in the compartment 
pressure before ischemia is a concern. 

 The exact mechanism of tissue damage in 
compartment syndrome has not been confi rmed, 
though it is thought to be related to the reperfu-
sion injury which is initiated by the development 
of oxygen free radicals [ 8 ]. There is also a 
local infl ammatory response which develops 
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 subsequent to reperfusion secondary to the 
release of breakdown products from injured 
cells. Cell and tissue edema develops, resulting 
in an increase in pressure within the compart-
ment which is limited by its fascial encasement. 
It is also theorized that reperfusion can result in 
the development of venous thrombosis second-
ary to procoagulant release from necrotic tissue. 
This thrombosis then spreads from the necrotic 
tissue to the marginal zones of perfusion, leading 
to further muscle necrosis, release of infl amma-
tory mediators, and propagation of the cycle of 
increased pressure and necrosis [ 9 ]. The amount 
of pressure increases, and the duration of its 
presence affects the amount of tissue injury 
which occurs. Canine models have demonstrated 
that prolonged elevation of pressures, as well as 
the degree of pressure elevation within the com-
partment contributed to decreased nerve conduc-
tion velocities, consistent with the effects of 
ischemia [ 10 ]. 

 Recognition of compartment syndrome is the 
fi rst crucial step in treatment of the affected 
extremity. The longer the diagnosis of compart-
ment syndrome goes unrecognized, and the com-
partment pressure is allowed to rise, the more 
signifi cant the nerve and muscle damage and sub-
sequent necrosis. If discovered early in its course, 
signifi cant tissue damage can be prevented. 
Treatment of compartment syndrome requires 
fasciotomy of the affected compartments. 
Prophylactic fasciotomies should also be consid-
ered in the setting of signifi cant ischemia (greater 
than 4–6 h), in the setting of combined orthope-
dic and vascular injuries, or in a patient with 
whom there is signifi cant concern for the devel-
opment of compartment syndrome, where moni-
toring of the compartment may be diffi cult [ 2 ]. 
The most common locations for development of 
compartment syndrome are the calf and forearm, 
though compartment syndrome can develop in 
the thigh, foot, and hand as well [ 11 ]. Lower 
extremity fasciotomy begins with recognition 
that there are four compartments which require 
decompression: anterior, lateral, superfi cial pos-
terior, and deep posterior. The anterior compart-
ment is most often affected and, with ischemia to 
the superfi cial peroneal nerve, results in the 

 classically described paresthesias in the web 
space between the fi rst and second toes. Although 
there are a variety of techniques in performing 
fasciotomy of the lower extremity, the gold stan-
dard is a two-incision, four-compartment fasci-
otomy. The anterior and lateral compartments are 
released from an anterior lateral incision. The 
medial incision will decompress the deep poste-
rior and superfi cial posterior muscle compart-
ments [ 12 ]. Release of the fascia overlying the 
muscles of affected compartments will reveal a 
bulging of the affected muscles which should be 
evaluated for necrosis and debrided as indicated. 
Skin incisions are left open, with the use of either 
a negative pressure dressing or moist gauze dress-
ings, with a goal of delayed primary closure once 
the edema has resolved. If the patient is unable to 
undergo delayed primary closure, a split thick-
ness skin graft is often used for closure. 

 Fasciotomy is not a benign procedure, with 
postoperative complications including infection, 
nerve injury, chronic pain, and disfi guring 
wounds. Despite this, failure to perform fasciot-
omy when needed is perhaps the most feared 
complication. Eight hours after onset of total 
ischemia, irreversible muscle and peripheral 
nerve damage exists [ 13 ]. Patients who require 
revision of fasciotomies or performance of 
delayed fasciotomies were associated with higher 
rates of muscle excision, amputation, and mortal-
ity. Casualties from the Iraq and Afghanistan 
campaigns, who underwent delayed fasciotomy, 
were shown to have had twice the rate of amputa-
tion and a threefold increase in mortality. Increase 
in myonecrosis puts the patient at increased risk 
of infection as well as increased risk of acute kid-
ney injury from rhabdomyolysis [ 14 ].  

24.3     Medical Management 
Considerations in Blunt 
Thoracic Aortic Injury 

 Blunt thoracic aortic injury (BTAI) is the second 
leading cause of death from blunt trauma after 
head injury [ 15 ]. BTAIs have been associated 
with falls from heights, auto vs. pedestrian acci-
dents, and motorcycle crashes. By far, however, 
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the most common cause of blunt thoracic aortic 
injury is motor vehicle crashes, which account 
for more than 70 % of such injuries. The inci-
dence of BTAI increases with age and is rarely 
seen in the pediatric population [ 16 ]. The overall 
incidence of patients with these injuries who sur-
vive to receive hospital care is less than 0.5 % 
[ 17 ], while the actual incidence of BTAI is much 
higher [ 18 ]. In fact, an autopsy study of 304 
deaths from traffi c accidents in Los Angeles 
County found that 33 % of patients had a rupture 
of the thoracic aorta. Eighty percent of these 
deaths occurred at the scene, and only 20 % 
reached the hospital prior to death [ 19 ]. For those 
who survive to reach hospital care, prompt diag-
nosis and aggressive management of blood pres-
sure are critical in preventing free rupture of the 
previously contained aortic rupture. The most 
common location for aortic injury is the medial 
aspect of the lumen, just distal to the left subcla-
vian artery, often referred to as the aortic isthmus. 
Injury to the aortic isthmus is found in about 
93 % of hospital admissions with BTAI and 80 % 
of autopsy studies [ 18 ]. In terms of the injury 
type, the most common is creation of a false 
aneurysm (58 %), aortic dissection (25 %), and 
intimal tear (20 %) [ 17 ]. 

 Although CT angiography is now the gold 
standard in diagnosing BTAI with both a sensitiv-
ity and negative predictive value approaching 
100 %, there are classically described fi ndings on 
initial chest x-ray which may increase the suspi-
cions of the care team [ 20 ]. These fi ndings 
include a widened mediastinum, obliteration of 
the aortic knob, loss of perivertebral pleural 
stripe, depression of the left mainstem bronchus, 
deviation of a nasogastric tube to the right, a left 
apical pleural hematoma (“apical cap”), and a 
massive left hemothorax. The presence of frac-
tures of the clavicle, upper ribs, scapula, or ster-
num are markers for increased risk of BTAI [ 18 ]. 

 Patients with active extravasation from an aor-
tic injury require immediate operation. Starnes 
et al. demonstrated that hypotension at the time 
of presentation to the emergency department, 
loss of vital signs prior to arrival, as well as 
 rupture as the type of injury were predictive of 
death secondary to BTAI [ 21 ]. Most patients who 

 survive to hospital care have a contained aortic 
injury. The goal in management of these patients 
is preventing free rupture via aggressive blood 
pressure control. Ninety percent of ruptures will 
occur within the fi rst 24 h of injury [ 18 ]. Because 
of this, immediate repair of all aortic injuries was 
the standard of care for many years. Recent stud-
ies have demonstrated that with strict blood pres-
sure control, the majority of these injuries could 
be repaired in a delayed fashion [ 22 ,  23 ]. With 
blood pressure control, the risk of rupture is 
1.5 %/h; without control of blood pressure, the 
risk remains at 12 % [ 24 ]. In 2007 the results of 
the American Association for the Surgery of 
Trauma prospective study demonstrated a signifi -
cantly higher mortality in the early repair group 
vs. delayed repair with an adjusted odds ratio of 
7.78, 95 % CI 1.69–35.7,  p  = 0.008. This study 
also confi rmed prior studies which demonstrated 
that despite lower mortality, delayed repair was 
associated with signifi cantly longer ICU and hos-
pital length of stay [ 25 ]. 

 The medical management of BTAI is derived 
primarily from the management of nontraumatic 
aortic dissections. The goals of antihypertensive 
therapy in the management of aortic injury are 
to prevent further dissection or free rupture of 
the injury. This frequently is referred to as anti- 
impulse control, which is lessening the pulsatile 
load, or aortic stress (dP/dT), in order to slow 
the propagation of the injury and prevent rup-
ture [ 26 ]. Propagation of aortic injury is thought 
to be not only secondary to elevated blood pres-
sure itself, but on the velocity of the left ven-
tricular contraction [ 26 ]. For this reason, optimal 
therapy is considered to consist of a beta-
blocker, with the addition of a vasodilator for 
refractory hypertension. Contraindications to 
medical management in addition to evidence of 
free rupture include impaired perfusion to the 
gastrointestinal tract or legs and the inability to 
control  hypertension despite medical treatment 
[ 27 ]. Goals for therapy are a heart rate of 55–65 
beats per minute and systolic blood pressure 
100–120 mmHg, or as low as the patient can 
 tolerate [ 28 ]. 

 The foundation of anti-impulse therapy begins 
with the use of beta-blockers. Esmolol is the 
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 preferred drug as it has rapid onset and a short 
half- life, making it easily titratable. Its onset of 
action is less than 60 s, and short half-life con-
tributes to duration of action between 10 and 
20 min. Esmolol is a    pure β1 receptor blocker, 
which, in addition to decreasing blood pressure 
through an inotropic effect, has a chronotropic 
effect of decreased heart rate [ 29 ]. Labetalol has 
a longer half-life than esmolol and therefore has 
a longer duration of action. It has a slower onset 
of action, 2–5 min, but longer duration of action, 
peaking at 5–15 min and lasting 2–4 h. Labetalol 
blocks both α and β receptors, thereby affecting 
blood pressure and contractility. Although labet-
alol does have a negative chronotropic effect sec-
ondary to the blocking of β receptors, it does not 
decrease the heart rate as substantially as esmo-
lol, making labetalol a better choice for patients 
who present with lower heart rates [ 29 ]. 
Propranolol and metoprolol are beta-blockers 
which are not recommended in the acute phase of 
treatment. They have a longer duration of action 
(6–8 h), and there is no way to quickly reverse the 
beta-blockade should the patient go into shock. 
These are good choices of treatment in the sub-
acute phase when they can be given as additional 
boluses as the patient is transitioned to oral regi-
mens [ 29 ]. 

 Vasodilators are good adjuncts to beta-blocker 
therapy when multidrug therapy is required for 
blood pressure control. Sodium nitroprusside is a 
potent vasodilator of both the arterial and venous 
systems. It has a long history of use in manage-
ment of hypertensive crisis and aortic dissection. 
It has a rapid onset of action and a half-life of 
3–4 min. It does however require close monitor-
ing and requires frequent dose adjustments. 
Nitroprusside also increases intracranial pres-
sure and in the trauma population is often contra-
indicated for this reason. It has also been 
associated with coronary steal, decreased oxy-
gen circulation, and refl ex tachycardia. For these 
reasons and the risk of cyanide toxicity, nitro-
prusside should only be used as a medication of 
last resort [ 28 ]. 

 In lieu of nitroprusside, many advocate for the 
use of fenoldopam. Fenoldopam is a dopamine-1 
agonist and selective arteriolar/renal dilator. 

It has a rapid onset and short duration of action 
(half-life 5 min). It has been shown to increase 
creatinine clearance and does not exhibit coro-
nary steal. Fenoldopam can however produce 
refl ex tachycardia and EKG changes including 
nonspecifi c T-wave changes. After long-term 
infusion, it produces a mild tolerance [ 28 ]. 

 Nicardipine is a dihydropyridine calcium 
channel blocker. It causes relaxation of the arte-
rial smooth muscle resulting in peripheral vaso-
dilation and resultant blood pressure reduction. 
Nicardipine causes cerebral and coronary vasodi-
lation with minimal negative inotropic or chrono-
tropic effect and has been shown in cardiac 
surgery patients to have little effect on ventricular 
preload or cardiac output. It is easily and rapidly 
titratable, and it has minimal effect on the atrio-
ventricular nodal conduction. Oxygen delivery to 
the cells is maintained, and there is no effect on 
oxygen requirements. An added benefi t is that 
nicardipine is metabolized by the liver and is 
therefore safe to use in patients with renal insuf-
fi ciency. As a calcium channel blocker, it is also 
useful in patients with COPD and asthma where 
β-blockade may be contraindicated [ 28 ]. 

 Non-dihydropyridines such as verapamil or 
diltiazem have fallen out of favor over the last 
several years. The non-dihydropyridine group 
functions via strong chronotropic and inotropic 
effects, with minimal effect on the systemic 
blood pressure. It is the large effect on decreasing 
cardiac contractility which has made them a less 
commonly used class of drugs in the treatment of 
hypertension in the face of blunt thoracic aortic 
injury [ 28 ,  29 ].  

24.4     Critical Care Management 
of Blunt Cerebrovascular 
Injury 

 Blunt carotid injury (BCI) and blunt vertebral 
injuries have been collectively referred to as 
blunt cerebrovascular injuries (BCVI). Over the 
last two decades, signifi cant advances in screen-
ing, diagnosis, and treatment of BCVI have 
occurred. Initial estimates predicted blunt carotid 
artery injury-associated mortality rates of 23 %, 
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with 48 % of those survivors have signifi cant 
 permanent, severe neurologic sequela [ 30 ]. 
Advancements in the fi eld of BCVI can largely 
be attributed to the institution of screening pro-
grams and resultant increase in diagnosis of ini-
tially asymptomatic patients. Initial estimates of 
suggested BCI rates of 0.1 % of blunt trauma vic-
tims admitted to trauma centers. With increased 
detection as a result of screening programs, the 
incidence has now been estimated between 0.4 
and 1 % of all blunt trauma admissions [ 30 ]. 

 Signifi cant investigation has been put forth 
into the development of screening programs in 
the detection of BCVI. Early detection of inju-
ries, while the patient remains asymptomatic, 
provides a window for intervention in hopes of 
preventing the subsequent morbidity and mortal-
ity associated with the occurrence of a stroke. 
Trauma patients who present with arterial 
 hemorrhage from the neck, mouth, nose, or ears; 
large or expanding cervical hematomas; cervical 
bruits in a patient less than 50 years old; and focal 
or lateralizing neurologic defects including 
 hemiparesis, transient ischemic attack, Horner’s 
syndrome, oculosympathetic paresis, or vertebro-
basilar insuffi ciency, or evidence of cerebral 
infarction on CT or MRI are presumed to have a 
BCVI until proved otherwise [ 30 ]. There is evi-
dence to suggest that stroke rates are signifi cantly 
lower in patients treated for BCVI, when com-
pared with those untreated [ 31 – 33 ]. Furthermore, 
when screening is limited to the at- risk popula-
tion, screening and treatment have been demon-
strated to be cost effective [ 34 ]. The identifi cation 
of a high-risk group prompting screening has 
gone through much debate and evolution over the 
last decade. Fundamental mechanisms associated 
with carotid artery injury include cervical hyper-
extension or hyperfl exion with rotation and 
stretching of the carotid artery over the lateral 
articular processes of the cervical vertebral bod-
ies C1–C3, direct cervical trauma, intraoral 
trauma, and basilar skull fracture involving the 
carotid canal [ 35 ,  36 ]. The vertebral artery is 
associated with cervical spine injuries, especially 
subluxations and fractures of the foramen trans-
versarium [ 37 ]. Further analyses have suggested 
the following as high-risk factors for BCVI which 

should prompt screening: injury mechanism 
compatible with severe cervical hyperextension 
with rotation or hyperfl exion; Lefort II or III mid-
face fractures; basilar skull fracture involving the 
carotid canal; closed head injury consistent with 
diffuse axonal injury with Glasgow Coma Scale 
score less than 6; cervical vertebral body or trans-
verse foramen fracture, subluxation, or ligamen-
tous injury at any level, or any C1–C3 level 
fracture; near-hanging resulting in cerebral 
anoxia; or seatbelt or other clothesline-type 
injury associated with signifi cant pain, swelling, 
or altered mental status [ 38 ]. Cothren et al. stud-
ied 244 patients, with a 34 % positive screening 
yield. In patients who were initially asymptom-
atic, but had contraindications to antithrombotic 
therapy, there was a 21 % rate of ischemic neuro-
logic events, compared to 0.5 % in those who 
were asymptomatic and treated with heparin or 
antiplatelet agents [ 39 ]. This data has been used 
to justify the screening of asymptomatic patients 
who are at high risk because of associated inju-
ries or mechanisms of injuries as discussed 
above. 

 The manner in which patients are screened 
has also evolved over the last decade with the 
associated advances in technology. Four-vessel 
cerebral arteriography has been considered the 
gold standard for diagnosis of BCVI. It is, how-
ever, invasive, with associated risk of complica-
tion, and is resource intensive. While the initial 
comparisons with 4-slice computed tomography 
revealed disappointing results, the widespread 
adoption of 16-slice CT scanners has demon-
strated superior results. CT angiography has 
demonstrated 100 % sensitivity for carotid injury 
and 96 % sensitivity for vertebral artery injury 
[ 40 ]. Other studies have suggested a relatively 
high false-positive rate, suggesting that 16-slice 
CTA may be  oversensitive. Cerebral arteriogra-
phy is still warranted in the setting of high clini-
cal suspicion and a normal CTA to defi nitively 
exclude an injury [ 41 ]. 

 Management strategies for blunt cerebro-
vascular injuries include observation, surgical 
repair, antithrombotic drugs, and endovascular 
strategy. Secondary to the high morbidity and 
mortality associated historically with untreated 
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BCVI, namely, ischemic and thrombotic cere-
brovascular accidents, observation should only 
be employed as a method of treatment when 
there are contraindications to alternate thera-
pies [ 41 ]. The treatment of choice for a given 
patient is determined by the location and grade 
of the injury (Table  24.1 ) as well as the patient 
symptomatology [ 39 ]. Surgical management is 
limited for BCVI. Grade I injuries are associ-
ated with a low stroke risk, which cannot justify 
surgical repair. Repair is often considered for 
higher- grade injuries; however, the anatomi-
cal location of most injuries in relation to the 
skull base makes surgical access diffi cult [ 41 ]. 
Because of these reasons, nonsurgical manage-
ment is currently the mainstay of treatment for 
BCVI. That being said, if there is a Grade II–V 
injury which is surgically accessible, operative 
repair should be considered [ 30 ]. Initial studies 
in the treatment of BCVI demonstrated improved 
neurologic outcomes in symptomatic patients 
and stroke prevention in asymptomatic patients 
with anticoagulation via heparin. Protocols for 
heparin therapy have been modifi ed over time 
to minimize the risk of bleeding in the patient 
population which often has multisystem trauma. 
Current recommendations include initiation of 
heparin drip without bolus, at 10 units/kg/h with 
a goal partial thromboplastin time of 40–50 s [ 41 , 
 42 ]. More recent reports including large cohorts 
of patients suggest that systemic heparinization 
and antiplatelet therapy (clopidogrel 75 mg daily 
or aspirin 325 mg daily) have equivalent effi cacy 
in the prevention of stroke [ 43 ,  44 ]. To date there 
are no randomized control trials proving supe-
riority of either anticoagulation or antiplatelet 

therapy, though many choose to initially treat 
with heparinization when multiple surgical pro-
cedure with high risk of bleeding are indicated 
for the patients other associated injuries. It is also 
important in patients with concomitant traumatic 
brain injuries that the decision regarding antico-
agulation and antiplatelet therapy be discussed 
in conjunction with the neurosurgery teams, in 
order to balance the risk of potential stroke with 
the risk of intracranial hemorrhage. Although 
they were unable to demonstrate statistical sig-
nifi cance, a large study from the Denver group 
suggests that heparin may be a superior therapy 
to antiplatelet therapy in stroke prevention and 
in improvement of neurological symptoms fol-
lowing cerebral ischemia [ 41 ]. Grade V injuries 
are associated with high mortality and require 
immediate attempts at obtaining control, through 
surgical repair if accessible, or via endovascular 
means if inaccessible.

   Follow-up imaging in the case of BCVI has 
proven to be instrumental in the treatment of 
such injuries both in terms of evaluating for pro-
gression of the injury and resolution. Most 
authors recommend repeat CT angiography in 
7–10 days, or with any deterioration in neuro-
logic status. Follow-up imaging resulted in a 
change of therapy for 65 % of grade I injuries and 
51 % of grade II injuries [ 41 ]. In a follow-up 
study, Cothren et al. repeated imaging at 10 days 
after the initial diagnosis of BCVI was made, 
which demonstrated a healing rate of 46 % when 
treated with aspirin and/or clopidogrel, 43 % for 
aspirin, and 39 % for heparin. Alternatively, 
injury progression rates for BCVIs were 10 % for 
aspirin, 12 % for heparin, and 15 % for aspirin 
and/or clopidogrel. Approximately half of all 
grade I BCVIs fully healed, whereas less than 
10 % of grade II, III, or IV injuries healed in 
same time period [ 34 ,  39 ]. 

 In the case of progressive vessel narrowing, or 
enlargement of pseudoaneurysm, the use of endo-
vascular stenting has been employed in an effort 
to maintain patency of the vessel [ 41 ]. Initial 
studies suggested a 17 % incidence of stent- 
related complications, including a 45 % occlusion 
rate, initially suggesting that the risk of endovas-
cular stenting outweighs the benefi ts [ 34 ,  39 ]. 

   Table 24.1    Blunt carotid and vertebral arterial injury 
grading scale (Biffl  et al. [ 42 ])   

 Injury grade  Description 

 I  Luminal irregularity or dissection 
with <25 % luminal narrowing 

 II  Dissection or intramural hematoma with 
≥25 % luminal narrowing, intraluminal 
thrombus, or raised intimal fl ap 

 III  Pseudoaneurysm 
 IV  Occlusion 
 V  Transection with free extravasation 
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Subsequent studies however reported good safety 
and patency results, though their application of 
stents also include antiplatelet therapy [ 33 ]. 
Continued studies are required to determine the 
true effi cacy of stents in the acute setting. 

 Patients who continue to demonstrate injury 
after the follow-up imaging are recommended to 
continue long-term antithrombotic therapy, as 
stroke has been reported as long as 14 years after 
injury. To date, the therapy of choice and duration 
of treatment have not been determined [ 41 ]. 
Warfarin was initially recommended for long- 
term anticoagulation; however, with demon-
strated effi cacy of antiplatelet therapy, this is now 
the preferred treatment [ 42 ]. Recommendations 
for antiplatelet therapy are derived from knowl-
edge gained with cardiac stents and percutaneous 
interventions. Dual therapy (aspirin with clopido-
grel) is indicated for cardiac indications; how-
ever, only single-agent therapy is recommended 
for stroke prevention secondary to the increased 
bleeding risk, and no demonstrated benefi t in 
mortality [ 43 – 45 ]. More studies are necessary to 
determine the optimal therapy in the manage-
ment of BCVI. Aspirin is the current therapy of 
choice in treatment of BCVI in patients with per-
sistent lesions when acute bleeding risks from 
associated injuries have resolved.  

24.5     Venous Thromboembolism 
Prophylaxis 

 Multisystem trauma patients have a signifi cant 
risk of developing deep venous thrombosis 
(DVT). Without prophylaxis, the rates of DVT 
may exceed 50 % in high-risk patients. After 
major trauma the risk of pulmonary embolism 
ranges from 0.4 to 50 % [ 46 ]. In trauma patients 
there is level I evidence supporting DVT prophy-
laxis with LMWH or LDUH as soon as resuscita-
tion is complete and the bleeding risk acceptable 
[ 47 ]. The challenge in clinical decision making 
centers around the timing of initiation of 
 prophylaxis based on assessment of bleeding 
risk. Reasonable concern exists regarding the 
 appropriate time to begin prophylaxis, specifi -
cally in patients suffering from high-risk injuries 

 including intracranial hemorrhage (ICH), blunt 
solid organ injury, and spinal cord injury. 
Mechanical prophylaxis, in the form of intermit-
tent compression pumps, is recommended instead 
of or as an adjunct to pharmacologic prophylaxis, 
depending on the bleeding risk and the VTE risk 
for the given patient [ 48 ]. 

 Few studies exist which evaluate the failure of 
nonoperative management (NOM) of blunt solid 
organ injuries in patients treated with LMWH. 
Alejandro et al. found no change in the failure of 
NOM and no increase in blood transfusion 
requirements for patients with blunt splenic 
trauma who received early (≤48 h) and late 
(>48 h) prophylaxis [ 49 ]. Eberle et al. studied 
failure of NOM in patients with splenic, liver, 
and kidney injuries treated with early and late 
administration of LMWH. They found no differ-
ences in the failure rates or PE/DVT rates 
between early (≤3 days) and late (>3 days) 
administration of LMWH. A smaller study of 22 
patients with solid organ injury receiving LMWH 
within the fi rst 24 h found that 0 of 10 patients 
with liver injures, and 2 of 12 patients with 
splenic injuries receiving LMWH failed NOM 
[ 50 ]. Limitations of this study, and others assess-
ing the management of blunt trauma, include fail-
ure to document specifi c risks for failure of NOM 
including contrast extravasation, pseudoaneu-
rysm, or large hemoperitoneum. Further studies 
are necessary to assess organ-specifi c failure 
rates. Studies are ongoing, though seem to indi-
cate that prophylactic LMWH is safely adminis-
tered between 48 and 72 h, in patients who have 
demonstrated cessation of acute bleeding. 

 Perhaps more worrisome than solid organ 
bleeding is that of worsening intracranial hemor-
rhage in patients with traumatic brain injury. 
Patients with brain injury are especially at risk 
for venous thromboembolism (VTE) compared 
to the general trauma population [ 51 ]. Reported 
rates of progression of hemorrhage after LMWH 
range from 1.46 to 14.5 %, depending on exclu-
sion criteria [ 52 ]. Although Kwiatt et al. present 
a higher progression rate than other studies sec-
ondary to broad inclusion criteria, they also con-
cluded that the timing for initiation of LMWH 
did not alter the rebleed rate, when comparing 
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LMWH administered at ≤48 h, >48 h, and after 
7 days [ 52 ]. Although not standardized, the 
majority of studies assessing the timing of initia-
tion of VTE prophylaxis in patients with intracra-
nial hemorrhage suggest documentation of stable 
head CT, which are monitored every 24 h after 
admission until stability is documented. These 
decisions are often made in conjunction with 
neurosurgical specialists and tend to start 24 h 
after documentation of stable CT head fi ndings 
[ 53 ]. Following a similar protocol Dudley et al. 
demonstrated a low incidence of VTE (7.3 %), 
and 0.4 % symptomatic rebleed rate, when 
LMWH was started 48–72 h after initial trauma, 
provided stability of intracranial hemorrhage was 
documented [ 54 ]. Further studies are needed to 
evaluate the rates of progression, as well as rates 
of VTE in this population to better determine the 
safety and effi cacy. 

 Determining the appropriate timing for initia-
tion of chemoprophylaxis for VTE often requires 
a multidisciplinary evaluation in the polytrauma 
patient. Clinicians should take into consideration 
the patients’ clinical risk factors relative to spe-
cifi c organ injured and presence of risk factors 
for bleeding. This should be weighed against the 
known relative increase in VTE in the trauma 
population and associated morbidity and 
mortality.  

24.6    Antiplatelet Therapy 

 Cardiovascular disease, including acute coronary 
syndrome, remains the leading cause of death in 
industrialized countries, despite evolving thera-
peutic targets [ 55 ]. Platelets serve as a major 
therapeutic target, as the use of antiplatelet ther-
apy allows for the inhibition of platelet aggrega-
tion [ 56 ]. Research is ongoing into the effect of 
such irreversible platelet inhibitors, without ade-
quate reversal agents in the trauma population. 
Within the fi rst 24 h after injury, posttraumatic 
intracranial hemorrhage increased in more than 
half of patients with traumatic brain injuries. 
Exacerbation secondary to inhibition of platelet 
activity is most likely to occur during this time 
period, and withdrawal of antiplatelet agents 

must be considered [ 57 ]. However, cessation of 
medication will not have an immediate impact on 
bleeding as the effect of the antiplatelet agents is 
not rapidly reversed. Cessation of antiplatelet 
therapy is also not without risk. After coronary 
stent placement, the risk of thrombosis is 
increased 30-fold if clopidogrel is discontinued 
within the fi rst 30 days [ 58 ]. Stopping clopido-
grel within the fi rst 6 months of stent placement 
is an independent determinant of stent thrombo-
sis [ 59 ]. At the same time, it is recognized that 
there is an increased risk of bleeding in patients 
on antiplatelet therapy. The risk of stent thrombo-
sis must be carefully weighed against the risk of 
worsening intracranial hemorrhage. Bridging 
therapy with heparin was shown to be ineffective 
in reducing cardiac events after cessation of anti-
platelet therapy [ 60 ]. In a review of 1,236 patients 
hospitalized for acute coronary syndrome, 4.1 % 
of cases were secondary to withdrawal of anti-
platelet therapy, with a mean delay of 10 ± 1.9 days 
[ 61 ]. The rate of delayed intracranial hemorrhage 
is found in approximately 1–1.4 % of patients on 
antiplatelet therapy [ 62 ]. 

 Wong et al. performed a retrospective case- 
controlled study comparing patients with trau-
matic brain injury who were receiving 
clopidogrel, aspirin, or warfarin compared to a 
control group. The results demonstrated a 14.7- 
fold increase in mortality in patients on clopido-
grel [ 63 ]. Although the studies assessing 
morbidity and mortality are limited, primarily 
related to small sample size and retrospective 
nature, concern exists that patients on antiplatelet 
therapy are at a higher risk of mortality and 
 morbidity following traumatic brain injury. 
Subsequent studies may also benefi t from mea-
surement of platelet function, rather than  absolute 
presence of absence of medication as it related to 
bleeding risk. Nonetheless, extreme caution and 
liberal use of CT imaging should be employed in 
patients treated with antiplatelet therapy. No evi-
dence exists at this time regarding the timing for 
resuming antiplatelet therapy in patients with 
multisystem trauma. Care should be taken in 
patients with closed-space injuries, where delay 
in recognition of delayed bleed can be 
 catastrophic. This risk of surgical or traumatic 
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bleeding must closely be balanced with the risk 
of stent thrombosis. Patient history, including 
timing of stent placement, type of stent, and rea-
son for initiation of antiplatelet therapy, although 
often unavailable in the acute traumatic setting, is 
of signifi cant value in this decision-making pro-
cess. Further studies are ongoing in this evolving 
arena.     
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25.1            Anatomy and Physiology 

 Peripheral nerves provide the fi nal motor 
 pathway for impulses to the trunk and extremi-
ties as well as that for sympathetic fi bers. Axons 
also provide afferent pathways for position 
sense, pressure, touch, temperature perception, 
and pain. These axons are extensions of the cen-
tral nervous system and have an active axoplas-
mic fl ow. The majority of nerve volume is 
composed of connective tissues and not axons 
and their myelin covering. These connective 
 tissue layers, including the endoneurium, peri-
neurium, interfascicular epineurium, and epi-
neurium, and their attendant fi broblasts respond 
to serious injury with a proliferative and disorga-
nized pattern. Thus, despite a rich and forgiving 
blood supply and a substantial neuronal ability 
to reform axons, serious injury to a nerve results 
in poor spontaneous recovery [ 1 ]. 

 If the axons are divided by injury, Wallerian 
degeneration occurs. This is a process that takes 
several weeks to complete and includes the grad-
ual dissolution of axoplasm and myelin distal to 
an injury and their gradual phagocytosis. 
Peripheral nerves have a basal lamina provided 
by Schwann cells that surrounds the axons, while 
the central nervous system (CNS) does not. The 
basal lamina, although destroyed at the injury 
site, survives proximal and distal to it [ 2 ,  3 ]. 
In the distal stump of an injured nerve, the 
 lamina surrounds deposits of degenerating 
myelin and axoplasmic debris, which are gradu-
ally  phagocytized [ 4 – 6 ]. As the neurites grow 
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distally, the basal lamina tends to resist the 
expanding force of the growing neurite and chan-
nels its advance within the sheath to reach the 
“guidance system of the distal stump.” Trophic 
factors help to attract the new neurite; however, 
the growing neurite can be sometimes blocked or 
defl ected. The fi ber is then forced to change path-
ways or divide many times by the disorganized 
proliferation of the endoneurial and interfascicu-
lar epineurial connective tissues in response to 
injury [ 7 – 9 ]. This can result in distal stump axons 
of fi ne caliber and poor myelination, and axons 
may not reach their former sites of innervation.  

25.2     Basic Nerve Responses 
to Injury 

 The cell body, which is located in the anterior 
horn of the spinal cord, the posterior root gan-
glion, or in the autonomic ganglion, undergoes 
chromatolysis when an axon is interrupted [ 10 ]. 
When neuronal chromatolysis is regenerative in 
nature, the cytoplasm increases in volume, pri-
marily due to an increase in ribonucleic acid 
(RNA) and associated enzymes [ 11 ]. RNA 
changes from large particles to submicroscopic 
particles, which results in an apparent loss of 
Nissl substance. From 4 days after injury until a 
peak is reached at 20 days, the amount of RNA 
and its metabolic rate increases [ 12 ]. RNA pro-
vides the polypeptides and proteins necessary for 
replenishment of axoplasm. 

 There are three basic ways in which nerve 
fi bers can respond to trauma: neurapraxia, axo-
notmesis, and neurotmesis. In neurapraxia, there 
is a block in conduction of the impulse down the 
nerve fi ber and recovery takes place without 
Wallerian degeneration. This is probably a bio-
chemical lesion due to a concussion or shock-like 
injury to the fi ber [ 8 ,  9 ]. In the case of the whole 
nerve, neurapraxia is brought about by compres-
sion or by relatively mild, blunt blows, including 
some low-velocity missile injuries close to the 
nerve. Thus, injury where there is potential for 
compression or stretch can produce some ele-
ment of neurapraxia [ 13 ]. Peroneal paralysis due 
to a prolonged cross-legged position is a classic 

example of neurapraxic injury. Segmental 
 demyelination of some fi bers may occur, and 
other fi bers may actually undergo axonotmesis, 
producing occasional fi brillations in muscles; 
however, the overwhelming picture is one of nor-
mal axons without Wallerian degeneration [ 14 , 
 15 ]. Such an injury selectively affects the larger 
fi bers serving muscle contraction, touch, and 
position sense while sparing the fi ne fi bers sub-
serving pain and sweating. Thus, these injuries 
usually have an element of pain. Since connec-
tive tissue elements as well as most of the micro-
scopic anatomy of the axons and its coverings are 
preserved, recovery is assured but may take a few 
days to weeks. 

 Axonotmesis involves the loss of the relative 
continuity of the axon and its covering but the 
connective tissue framework is preserved, thus 
causing Wallerian degeneration to occur [ 16 ]. 
Axonotmesis is usually the result of a more severe 
crush or contusion injury. There is usually an ele-
ment of retrograde proximal degeneration of the 
axon, and this loss must fi rst be overcome when 
regeneration occurs. The regenerative fi bers must 
fi rst cross the injury site and then regenerate 
down the distal stump. The neurite tip progresses 
down the distal stump at an average rate of a mil-
limeter per day and moves faster if closer to the 
CNS and slower if at a very distal site [ 17 ,  18 ]. 

 A more severe contusion, stretch, or laceration 
produces neurotmesis, and axons and connective 
tissues lose their continuity. Denervational 
changes recorded by electromyography (EMG) 
are the same as those seen with axonotmetic 
injury; however, reversal of these changes and 
recovery are unlikely because regenerating axons 
become mixed in a swirl with regenerating fi bro-
blasts and collagen, producing a disorganized 
repair site or neuroma [ 19 ]. Regenerating axons 
may not function effectively even after reaching 
distal end organs unless they arrive close to their 
original site [ 20 ]. When denervated, the structure 
of muscle begins to change histologically by the 
third week after injury. The muscle fi bers kink 
and their cross-striations decrease [ 21 ]. Atrophy 
or shrinkage of the muscle mass becomes evident 
within a few weeks and will persist unless rein-
nervation occurs [ 22 ].  
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25.3     Mechanisms and Pathology 
of Injury 

25.3.1     Transection 

 Soft tissue lacerations have the potential to injure 
nerves, but the nerve is sharply severed in only 
30 % of cases [ 23 ]. Acute sharp nerve injuries are 
favorable lesions for early repair. Intraneural 
damage due to soft tissue laceration without 
direct nerve laceration results in injuries of vari-
able severity due to contusive and stretching 
mechanisms [ 24 ]. Almost 15 % of nerve injuries 
associated with a potentially transecting mecha-
nism actually leave the nerve in partial continuity 
[ 25 ]. Loss of function results from a variable 
amount of neurotmesis, axonotmesis, and neura-
praxia, but the nerve or a portion of it is still in 
continuity [ 26 ]. With time, this bruised and 
stretched segment of nerve thickens. Depending 
on the severity of internal disruption, a neuroma 
in continuity may form. This can be found even 
though functional loss distal to the soft tissue lac-
eration is complete. 

 If a nerve is partially transected, the injury to 
those cut fi bers is by defi nition neurotmetic; 
 however, the fi bers not directly transected have a 

variable degree of injury. Functional loss can be 
mild and incomplete to severe and total. In 
humans, the partially transected portion of the 
nerve seldom regenerates well enough to restore 
function. In sharp transection, the amount of 
proximal and distal neuroma formation is much 
less than with contusive or blunt transection 
(Fig.  25.1 ). Blunt transection is associated with 
an acute ragged tear of the epineurium and an 
irregular, longitudinal extent of damage to a seg-
ment of the nerve (Fig.  25.2 ). Bruising and hem-
orrhage can extend for several centimeters up 
and down either stump. With time, sizable prox-
imal and distal neuromas develop. Retraction 
and proliferative scars around the stumps are 
often more severe than those seen with sharp 
transection [ 27 ].

25.3.2         Lesions in Continuity 

 The most severe nerve injuries do not transect or 
distract nerves but leave them in gross continuity. 
Lesions in continuity can be either focal or dif-
fuse and may even have skipped areas of damage, 
depending on the mechanism of injury. In most 
cases, the entire cross section of the nerve has a 

a b

  Fig. 25.1    Sharp laceration due to glass to the ulnar nerve       
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similar extent of internal damage [ 28 ]. In some 
cases, one or more fascicles may be partially or 
completely spared, with clinic examination 
showing partial neurological defi cits. Effective 
spontaneous regeneration depends on minimal 
connective tissue damage. Predicting which 
lesions in continuity will recover adequate distal 
function spontaneously is diffi cult; however, the 
mechanism of injury can help determine this. A 
less severe compressive or contusive injury, a 
very mild stretch injury, or a gunshot wound 
(GSW) is more likely to spare some internal con-
nective tissue architecture and permit a structured 
axonal regenerative response. Those injuries 
resulting from more contusive and stretching 
forces associated with high-speed land, water, 
and air accidents are less likely to regenerate in a 
fashion leading to useful distal function. Despite 
these generalizations, it is diffi cult to predict out-
come; therefore, most lesions of continuity are 
followed clinically and reevaluated at intervals 
for several months before surgical repair is under-
taken [ 25 ,  29 ].  

25.3.3     Stretch, Traction, 
and Contusion 

 Blunt forces imparted to nerves remain by far 
the most common mechanisms underlying 
nerve injury [ 30 ]. Normally, the nerve can 

 withstand moderate stretch forces given its 
 elastin and collagen- rich perineurial layer, 
which endows tensile strength, and its excellent 
ability to glide during physiologic motion [ 31 ]. 
Even an 8 % stretch can lead to a disturbance in 
intraneural circulation and blood-nerve barrier 
function, while stretch beyond 10–20 % results 
in structural failure [ 32 ,  33 ]. Such forces can 
occasionally distract a nerve, pulling it totally 
apart or more commonly leaving it in continuity 
but with considerable internal damage. If dis-
tracted by substantial forces, the nerve is frayed, 
and both stumps are damaged over many centi-
meters. Retraction and scar around both stumps 
are severe. Mechanisms responsible for a rela-
tively mild degree of stretch may be associated 
with fractures or to a lesser degree from surgi-
cal retraction [ 34 ]. More commonly, traction 
forces are suffi cient to tear apart intraneural 
connective tissue structure as well as disconnect 
axons [ 35 ]. The stretch mechanism is also 
responsible for segments of damage to a nerve 
displaced by high-velocity missiles, especially 
with GSWs [ 36 ]. 

 Brachial plexus injury is a common disorder 
resulting from a stretch mechanism. Stretch or 
traction injuries to the plexus most commonly 
result from extremes of movement at the shoul-
der joint, with or without actual dislocation or 
fracture of the humerus or clavicle. Typically, 
either upper or lower elements of the plexus may 

  Fig. 25.2    Blunt laceration due to chain saw to the median nerve       

 

J.R. Stark and D.H. Kim



319

suffer the predominant injury; however, with 
severe traction forces, all elements may be 
involved in addition to the phrenic nerve and 
even subclavian vessels. The stretched elements 
may be left in continuity and have a mixture of 
neurapraxia and axonotmesis. Most traction inju-
ries do not cause avulsion but cause a severe 
degree of internal disruption. Traction along the 
axis of the brachial plexus can tear their roots out 
of the spinal cord. Other common injuries occur 
during the birth process, such as Erb’s palsy, 
which involves the upper and middle trunk from 
forcible depression of the shoulder. Klumpke 
paralysis involves damage to the lower trunk, 
roots, or spinal nerves from hyperabduction of 
the arm. The important point with stretch injuries 
is that although some may improve, many do not 
require operative reconstruction [ 1 ].  

25.3.4     Gunshot Wounds 

 A frequent source of contusion and stretch injury 
to nerves are GSWs. In the majority of cases, 
nerves injured by GSWs are left in physical con-
tinuity (Fig.  25.3 ) [ 37 ]. In 85 % of missile inju-
ries, there is not a direct strike to the nerve, but 
nerve injury may be as severe as in a direct hit 
[ 38 ]. As the missile approaches the nerve, the 

nerve explodes away from its trajectory and then 
implodes back as the missile passes by [ 39 ]. 
These dual acute stretching forces as well as con-
tusive forces can result in a neurapraxic block in 
conduction, axonotmesis, neurotmesis, or a mix-
ture. If missiles transect or partially lacerate a 
nerve, the lesion is a blunt and not a sharp injury. 
The nerve end tends to be shredded and irregular, 
with hemorrhagic contusive changes in both 
stumps [ 40 ]. Subsequently, a bulbous proximal 
neuroma and less-swollen distal neuroma form as 
with other blunt transecting mechanisms like fan 
blades, propellers, and chain saws. Because it 
takes time to determine the extent of tissue dam-
age, a delay in exploration and repair is usually 
indicated [ 41 ].

25.3.5        Compression 

 Compression of nerve fi bers appears to produce 
alterations in paranodal myelination, axonal thin-
ning, and segmental demyelination. The degree 
of recovery after compression or ischemic injury 
may be accurately predicted in some clinical situ-
ations. Most palsies associated with unconscious-
ness due to anesthesia or poor positioning or 
pressure during operations as well as those 
related to improper application of plaster casts 

  Fig. 25.3    Sciatic nerve injury 
by gunshot wound       
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carry a good prognosis for spontaneous recovery 
[ 42 ]. Sometimes the compression or crushing 
injury has been severe or prolonged enough to 
cause damage that is irreversible unless an opera-
tive procedure is done. The brachial plexus, ulnar, 
sciatic, and peroneal nerves are the most com-
monly affected.  

25.3.6     Compartment Syndrome 

 Volkmann contracture, a serious complication of 
undetected compartment syndrome, can occur 
from severe swelling and hemorrhage into the 
anterior compartment of the forearm or pro-
longed ischemia from brachial artery injury, 
which results in diffuse segmental damage to the 
median nerve and volar forearm muscles [ 43 ]. 
This type of ischemia is frequently associated 
with supracondylar fracture of the humerus and 
dislocation of the elbow; however, blunt trauma 
can result in enough swelling to compress nerves. 
Ischemia of a suffi cient magnitude to produce 
Volkmann’s contracture results in severe endo-
neurial scarring over so long a segment of the 
median nerve that spontaneous regeneration is 
unlikely. In addition to the median nerve, the 
radial and even occasionally the ulnar nerve may 
be involved because of a severely swollen elbow 
and forearm. Compression of the median nerve 
must be immediately relieved by operation. 
Similarly, anterior compartment syndrome of the 
leg results in progressive peroneal palsy or foot 
drop, often from a fracture of the tibia or fi bula. 
Compartment pressures can be directly measured 
if needed, as is discussed elsewhere. If the differ-
ence between arterial pressure and tissue  pressure 
is less than 40 mmHg, or the compartment pres-
sure is greater than 30 mmHg, ischemic infarc-
tion is likely to occur.  

25.3.7     Electrical and Thermal Injury 

 Electrical injury by passage of a large current 
through a peripheral nerve usually results from 
accidental contact of the extremity with a high- 
tension wire [ 44 ]. Conservative management of 

the nerve injury with early orthopedic 
 reconstruction seems to have the best outcome 
[ 45 ]. Prognosis with low-voltage injuries is 
excellent but variable with high-voltage inju-
ries [ 45 ]. Histologically, electrical injury causes 
necrosis with subsequent replacement with 
connective tissue. Though uncommon, thermal 
injury can result in neural damage from a tran-
sient neurapraxia to severe neurotmesis with 
extensive necrosis. Direct injury or secondary 
damage from constrictive fi brosis can affect 
long lengths of nerves, often necessitating 
nerve grafts.   

25.4     Clinical Evaluation 
and Testing 

 Detailed history and thorough physical examina-
tion are essential for evaluation of nerve injuries. 
Before a lesion to a peripheral nerve can be ruled 
out, it is necessary to assess that the most distal 
portion of that nerve is functioning [ 46 ,  47 ]. For 
the upper limb, gross innervation can be con-
fi rmed by having the patient make a fi ve-fi ngered 
cone with the tips of the fi ngers and then extend-
ing the thumb [ 48 ,  49 ]. The intact ulnar nerve 
bunches the fi ngers into a cone and the opponens 
pollicis muscle, which is innervated by the 
median nerve, brings the thumb to the fi ngers. 
The radial nerve extends the thumb. Similarly for 
the lower extremity, if the great toe can be 
extended, the peroneal nerve is intact, and if the 
great toe can be fl exed, the tibial nerve is intact. 

 Sensory and autonomic function testing is 
equally important. The median and ulnar nerves 
can be tested by pinprick over the palmar surface 
of the distal phalanx of the index fi nger and little 
fi nger, respectively; however, the radial nerve has 
no reliable autonomous zone for testing. The tib-
ial nerve can be tested by stimuli to the heel, and 
the peroneal nerve can be tested by stimuli to the 
dorsum of the foot in the web space of the fi rst 
toe. The presence of Tinel’s sign, i.e., percussion 
on a distal nerve causing paresthesias, provides 
some evidence favoring axonal regeneration, 
though it does not predict the quantity or quality 
of the new fi bers [ 1 ]. 
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 Electromyography is valuable in localizing 
nerve lesions. There are three phases to EMG. 
The fi rst is a brief burst of electrical activity in 
response to needle placement in the muscle. The 
second is fl at line refl ecting the muscle at rest. 
The third is an electrical response to muscle con-
traction or nerve stimulation. With serious dener-
vation, there is loss or severe reduction in Phase 
I, with spontaneous fi ring of rapid biphasic, low- 
amplitude sharp waves or fi brillations in Phase II. 
In Phase III there is either no evoked muscle 
action potential or a poorly formed one [ 1 ]. 

 Myelography is an important test for supracla-
vicular brachial plexus injuries as well as lumbo-
sacral stretch injuries [ 50 – 53 ]. If a meningocele 
is present, this suggests an avulsed nerve root or 
severe internal damage. Presence of a meningo-
cele indicates that there was enough force to pro-
duce an arachnoid tear. Computed tomography 
(CT) scans are useful for stretch injuries, and 
magnetic resonance imaging (MRI) can confi rm 
degeneration of a nerve.  

25.5     Operative Care 

 External neurolysis involves cleaning the nerve 
of investing tissues, thereby freeing up the nerve 
in a full circumferential fashion. After neurolysis 
has been completed, the nerve should be assessed 
to determine whether further intervention is 
needed. Stimulating and recording electrodes are 
placed on the nerve proximal to the lesion, which 
should produce a recordable nerve action poten-
tial (NAP). The electrodes are then moved dis-
tally, and if there is a NAP below the level of 
intervention, this suggests that the time interval 
since injury is less than 9 months, making recov-
ery likely with external neurolysis alone [ 1 ]. 

 Internal neurolysis involves careful splitting 
of a nerve into its individual fascicles. An indica-
tion for internal neurolysis is an injury that is 
more severe to one portion of a nerve than another 
that requires a split or partial repair despite the 
presence of a transmitted NAP across the lesion. 
Other indications include severe neuropathic 
pain for which conservative medical manage-
ment has failed [ 1 ]. 

 If a nerve has been transected or if a short gap 
exists following the resection of a lesion in conti-
nuity, an end-to-end epineurial repair can be per-
formed. The proximal and distal ends are 
debrided, the stumps are mobilized, and a 
tension- free repair is performed. The limb needs 
to be immobilized for several weeks in order to 
prevent any tension on the repair. At times, the 
length of the resected nerve is too long for direct 
repair and a graft is needed. Most grafts are fash-
ioned from the sural nerve, although cutaneous 
nerves of the forearm can also be used [ 1 ]. 

 Nerve transfer is the substitution of a func-
tioning, expendable nerve or part of a nerve with 
a nonfunctioning nerve. Transfers are indicated 
for preganglionic injuries in which nerve grafting 
would not be possible, but with the success rate 
of transfers, surgeons are now using transfers 
rather than grafts for postganglionic injuries [ 1 ].  

25.6     Brachial Plexus 

 The brachial plexus originates from the C5 to T1 
spinal nerve roots and branches into three trunks, 
followed by the anterior and posterior divisions 
and the three cords (medial, lateral, and poste-
rior) (Fig.  25.4 ). The nerves, their innervated 
muscles, and impact from injury are detailed in 
Table  25.1 . Suprascapular nerve injury is com-
mon in athletes who receive repetitive trauma 
from shoulder depression and abduction or in 
stretch injuries from humeral or midshaft clavic-
ular fractures [ 54 ].

    A very proximal injury to the C5 nerve root 
results in paralysis of the rhomboids, deltoid, and 
supraspinatus and weakens the serratus anterior 
and infraspinatus. The biceps and brachialis may 
display partial weakness due to dual supply with 
C5 and C6. Sensory loss may also be present over 
the cap of the shoulder. C6 injuries may impact 
on biceps, brachialis, supinator, and brachioradi-
alis, a strong fl exor of the elbow. The latissimus 
dorsi, another adductor of the arm, is weak or 
paralyzed with proximal C6 lesions. With an 
upper trunk lesion (C5–6), the posture of the 
upper extremity and hand is that of Erb’s palsy, 
with paralysis of supraspinatus, infraspinatus, 
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deltoid, latissimus dorsi, biceps/brachialis, 
 brachioradialis, and supinator [ 1 ]. 

 The middle trunk is formed by the C7 nerve 
root and supplies most of the triceps, which 
extends to the forearm. Fibers from the middle 
trunk may also provide input to the extensor carpi 
radialis and sometimes to the extensor carpi ulna-
ris, which dorsifl ex the wrist. A proximal C7 
nerve injury can result in loss of fi bers to the lat-
eral cord, which supplies the pronator teres as 
well as wrist and fi nger fl exors. Isolated C7 inju-
ries result in paresis and not paralysis as they 
contribute predominately to muscles supplied by 
one or more other roots. 

 The lower trunk includes the C8 and T1 nerve 
roots. Finger and thumb extensors as well as 

 fl exors and intrinsics primarily receive input 
from C8. Loss results in weakness or paralysis of 
extensors to the thumb, forefi nger, and long fi n-
ger. Sensory loss may result in ulnar distribution 
involving the ring and little fi nger. T1 supplies 
the hand intrinsics, especially the abductor digiti 
minimi and opponens digiti minimi. Sensory loss 
may occur with lesions here as well as in the 
ulnar distribution. With injury to the lower trunk, 
a complete loss of all hand intrinsics, including 
those in the ulnar and median distribution, occurs 
as well as variable degrees of fi nger and wrist 
fl exor loss [ 1 ]. 

 With brachial plexus injuries, electromyo-
graphic studies as well as plain radiographs can 
be helpful for evaluations of fractures in the area. 

Spinal nerves

Trunks

Divisions

Cords

Nerves

Axillary N

  Fig. 25.4    The fi ve regions 
of the brachial plexus and 
their relation to the anterior 
tubercles, clavicle, and 
coronoid process       

   Table 25.1    Nerve root and muscle innervations   

 Nerve  Root/origin  Muscle innervated  Result if injured 

 Dorsal scapular  C5  Rhomboid  Some winging of the scapula; awkward 
shoulder abduction 

 Long thoracic  C5–7  Serratus anterior  Severe winging of scapula 
 Suprascapular  Upper trunk plexus  Supraspinatus; infraspinatus  Diffi culty with initial abduction/external 

rotation 
 Axillary  Posterior cord plexus  Deltoid  Diffi culty with abduction beyond 30° 
 Thoracodorsal  C6–8  Latissimus dorsi  Diffi culty with shoulder adduction 
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Concomitant vascular injuries may be assessed 
with angiography or venography. Myelography 
can be helpful if nerve root avulsion is in ques-
tion. CT and MRI are good studies for ruling out 
tumors and may be able to replace myelography 
and other studies in the future for determining 
nerve damage. 

 Sharp injury with laceration to the tissues sur-
rounding the brachial plexus has the potential to 
transect a portion of the plexus. The presence of 
Tinel’s sign elicited by tapping the supraclavicu-
lar area can be quite useful in differentiating 
between spinal nerve transection or rupture and 
root avulsion [ 55 ]. A positive Tinel’s sign, which 
is perceived by the patient as tingling in an anes-
thetic arm or hand, usually indicates transection 
or rupture rather than avulsion. An early repair of 
clean stab wounds involving C5–7 can be 
expected to yield a return of function close to nor-
mal levels; however similar early repair to C8–T1 
results in only some recovery of hand function 
that is far from normal. Primary repair within 
72 h is advised for sharply transected plexus ele-
ments, whereas delayed repair is reserved for 
blunt transections or injuries in continuity [ 56 ]. 

 The most common injury to the brachial 
plexus is caused by stretch/contusion, usually 
secondary to motor vehicle accidents [ 57 ,  58 ]. 
Regardless of the mechanism of injury, a conser-
vative nonsurgical approach has predominated 
historically. C5–6 distribution stretches have a 
relatively low incidence of avulsion, may recover 
spontaneously, and may be associated with severe 
damage to C7. These injuries are excellent candi-
dates for direct repair, aided by neurotization, 
with very good results. C5–7 distribution 
stretches have more roots avulsed than C5–6 
stretches and spontaneous recovery occurs less 
often. There is a variable loss of fi nger and wrist 
movement; nonetheless, some of these lesions 
are candidates for direct repair with acceptable 
results. Although some regain usable shoulder 
and arm function with C5–T1 direct repair, 
results overall are not as good. Graft repair from 
a single root, often C5, is frequently augmented 
with neurotization. Complications from repair 
include risk of phrenic nerve paralysis and 
pneumothorax. 

 Gunshot wounds are the second largest 
 mechanism of injury to the brachial plexus 
 following stretch/contusion. GSWs most com-
monly cause lesions in continuity, though tran-
section and vascular injures occur as well. The 
best outcomes typically occur with upper trunk 
and lateral and posterior cord lesions, but recov-
ery occurs with some C7 to middle trunk and 
medial cord to median nerve repairs.  

25.7     Radial Nerve 

 The radial nerve has major contributions from the 
C6 to C8 nerve roots and is the major outfl ow of 
the posterior cord distal to the origin of subscapu-
lar, thoracodorsal, and axillary nerves. Innervated 
muscles include the triceps, anconeus, brachiora-
dialis, extensor carpi radialis longus (ECRL), 
extensor carpi radialis brevis (ECRB), and 
through its continuation, the extensor carpi ulna-
ris, supinator, extensor digitorum communis, 
extensor digiti minimi, abductor pollicis longus, 
extensor pollicis longus and brevis, and extensor 
indicis muscles. A key clinical point in assessing 
the level of nerve injury is whether the patient’s 
latissimus dorsi muscle, innervated by the thora-
codorsal nerve, and the deltoid muscle, inner-
vated by the axillary nerve, are functioning. If 
both are clinically active, then the lesion spares 
the posterior cord and involves the radial nerve 
more distally. Few radial nerve injuries involve 
the triceps as triceps innervation is very proxi-
mal. Injury to the radial nerve at the mid-arm 
level from a humeral fracture is the most com-
mon mechanism of injury [ 59 ,  60 ]. 

 Other mechanisms of injury at this level 
include GSW, contusion, simple compression or 
stretch without fracture, injection injury, tumors, 
and entrapment. The hallmarks of injury at this 
level are loss of brachioradialis and more distal 
radial-innervated functions with sparing of tri-
ceps [ 61 ,  62 ]. This results in characteristic wrist 
drop and fi nger drop. The radial nerve can be 
injured more distally by accidental drug injec-
tion, distal humeral fracture, direct contusion, or 
GSW [ 60 ,  63 ]. An elbow-level radial nerve 
injury causes loss of function of the ECRL and 
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ECRB muscles. These injuries are most 
 frequently associated with penetrating wounds, 
fractures, or dislocations of the elbow by cyst or 
tumor or Volkmann ischemic contractures [ 64 ]. 
Posterior interosseous nerve involvement seri-
ously affects the function of more distal muscles 
but spares some supination provided by the 
biceps and exhibits weak wrist extension. The 
sensory territory of the radial nerve encompasses 
the dorsum of the hand and some of the wrist, 
though it may be small even with complete nerve 
injury due to overlap from the median and ulnar 
nerves [ 65 ]. The outcome of surgical repair of 
the radial nerve with or without tendon transfer 
is considered excellent [ 60 ,  66 – 68 ]. Despite 
favorable outcome with proper management of 
radial nerve injuries, recovery of the extensor 
communis and extensor pollicis longus muscles 
is diffi cult to obtain. Fortunately, tendon transfer 
to the extensor expansion of the digits is an 
excellent substitute.  

25.8     Median Nerve 

 The median nerve provides important input to 
both forearm-level extrinsic and hand intrinsic 
muscles, especially to the thumb. It originates at 
the axillary level from the lateral cord, also called 
the sensory root, and medial cord, called the 
motor root. The course of the median nerve from 
its origin to destinations is straight. As a result, 
not much length can be gained from mobiliza-
tion. This makes some period of immobilization 
after repair of the median nerve mandatory to 
avoid tension on the repair [ 69 ]. Median nerve 
injuries are often associated with ulnar nerve 
involvement. Injuries to the median nerve along 
the medial aspect of the arm are caused by glass, 
knife, or GSWs and iatrogenic injuries from vas-
cular bypass or arteriovenous (AV) fi stula con-
struction for dialysis. A high median nerve palsy 
can be caused by compression due to hematoma 
or pseudoaneurysm or contusion of the nerve in 
the axilla or medial arm. Proximal median nerve 
injury results in sensory defi cits as well as loss of 
function of the pronator teres and quadratus, 
 palmaris longus, fl exor carpi radialis, fl exor 

 digitorum superfi cialis, fl exor digitorum 
 profundi, fl exor pollicis longus, and lumbricals. 
In a patient with a high median nerve paralysis, 
wrist fl exion is in an ulnar deviation because 
fl exor carpi ulnaris is no longer opposed by fl exor 
carpi radialis. Distal fl exion of the thumb and 
pure abduction of the thumb is lost. At the elbow 
and proximal forearm, mechanisms of injury are 
the same as proximal injuries with a similar dis-
tribution of defi cits, though function of the pro-
nator teres may be spared. 

 Martin-Gruber anastomosis occurs when 
fi bers destined for some of the ulnar-innervated 
intrinsics may travel in an elbow-level branch 
from the median to ulnar nerve or through the 
anterior interosseous nerve branch of the median 
nerve. Thus, injury to the proximal median nerve 
may be more severe than usual; however, injury 
to the proximal ulnar nerve would result in less 
hand intrinsic paralysis. Volkmann ischemic con-
tracture is a devastating complication of a supra-
condylar fracture or elbow dislocation caused by 
severe blunt trauma. Here contusion or stretch of 
the brachial artery results in spasm or damage to 
the vessel, secondary ischemia, and possible 
infarct of the volar fl exor compartment muscles 
[ 1 ]. Acute swelling secondary to a large contu-
sive blow to the forearm can result in median 
nerve injury. Early fasciotomy and neurolysis of 
the median and often posterior interosseous nerve 
is necessary. 

 The anterior interosseous nerve innervates the 
fl exor digitorum profundus, fl exor pollicis 
 longus, and pronator quadrates, and dysfunction 
results in loss of the pinch mechanism commonly 
known as the anterior interosseous nerve syn-
drome. This typically results from entrapment of 
the nerve following penetration or contusive inju-
ries to the forearm [ 70 ]. At the middle or distal 
forearm, the median nerve can be injured in asso-
ciation with a fracture involving the radius or 
ulna [ 71 ]. Loss includes fl exor pollicis longus, 
thenar intrinsic muscles, and lumbricals to the 
index and middle fi nger and sensory defi cits to 
the dorsoradial aspect of thenar prominence. At 
the wrist level, injuries are usually from sharp 
mechanisms resulting in loss of intrinsic muscles 
and sensory distribution of the median nerve 
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except for that of the palmar cutaneous branch, 
which takes off before the wrist. At the wrist 
level, patients can suffer injury to the nearby 
ulnar nerve and develop carpal tunnel syndrome 
from scar tissue. Dissections of the proximal 
median nerve can be associated with injury to the 
brachial artery on which it lies.  

25.9     Ulnar Nerve 

 The ulnar nerve is important for coordinated 
hand function. It innervates the fl exor carpi ulna-
ris, fl exor digitorum profundus, abductor pollicis, 
fl exor pollicis brevis, lumbricals, hypothenar, and 
all dorsal and palmar interosseous muscles. The 
ulnar nerve originates at the axillary level from 

the medial cord. The most proximal muscle 
innervated by the ulnar nerve is the fl exor carpi 
ulnaris, which fl exes the wrist in an ulnar direc-
tion. Injury proximal to the distal forearm-level 
branch of the dorsal cutaneous nerve results in 
rather complete ulnar sensory loss. Distal lesions 
can result in an ulnar claw in which the little and 
ring fi nger lumbricals have lost function and the 
fi ngers are pulled toward the palm due to unop-
posed fl exor motion. The most common ulnar 
nerve lesion is entrapment at the elbow level usu-
ally from elbow fracture or dislocation, resulting 
in paresthesias in an ulnar distribution, particu-
larly in the little and ring fi ngers (Fig.  25.5 ). 
Sensory symptoms typically develop before mus-
cle weakness of the hand intrinsic and hypothe-
nar muscles [ 1 ].

  Fig. 25.5    Ulnar nerve 
entrapment at elbow level       
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   There are three zones of entrapment at the 
wrist level. Zone I consists of the ulnar nerve in 
the proximal aspect of Guyon’s canal where it is 
proximal to its bifurcation into the deep branch 
and superfi cial branches [ 72 ]. This is the most 
frequent site of spontaneous distal entrapment, 
but injury can also be due to wrist fractures and 
cysts [ 73 ,  74 ]. There is ulnar sensory loss, which 
spares the dorsal cutaneous branch, supplying 
the dorsum of the hand. Zone II comprises the 
deep motor branch, with entrapment typically 
resulting from palmar trauma, pressure, gan-
glion, or carpal synovitis [ 75 ,  76 ]. Weakness or 
paralysis occurs in the palmar and dorsal inter-
osseous, little and ring fi nger lumbrical, and 
adductor pollicis and fl exor pollicis brevis with 
intact sensation [ 77 ]. Zone III involves com-
pression at the superfi cial branch level at the 
distal aspect of Guyon’s canal, giving a pure 
sensory loss.  

25.10     Lumbosacral Plexus 

 The lumbar plexus originates from the anterior 
primary rami of L1–L4, with L1, L2, and L4 
splitting into upper and lower branches and the 
lower branch of L2, upper branch of L4, and 
entire L3 splitting into anterior and posterior 
divisions. The L1 upper branch divides into the 
iliohypogastric and ilioinguinal nerves. The L1 
lower branch and L2 upper branch join to form 
the genitofemoral nerve. The anterior division of 
the L2 lower branch and both L3 and the L4 
upper branches contribute to the obturator nerve. 
The posterior divisions of L2 and L3 divide into 
the small and large branch, with the small branch 
of each joining to form the lateral femoral cuta-
neous nerve and the large branch of each joining 
the L4 posterior division to form the femoral 
nerve. The sensory divisions are the central 
extensions of the dorsal root ganglia and do not 
regenerate after injury. 

 The iliohypogastric, ilioinguinal, and genito-
femoral nerves are rarely injured from trauma 
but iatrogenic injuries from abdominal or pelvic 
surgeries can occur. The pelvic-level femoral 
nerve can be damaged due to a penetrating lower 

abdominal injury from GSWs, motorcycle 
 handlebars, or stab wounds. Injury to the nerve 
at this level results in weakness of the iliacus, 
quadriceps, and sartorius muscles causing loss 
of hip fl exion, hyperextension of the knee, and 
loss of knee jerk and sensory loss to the antero-
medial thigh. The lateral femoral cutaneous 
nerve is usually affected by stretch injury, 
entrapment, or during removal of bone graft 
from the ilium. Injury results in the characteris-
tic syndrome of meralgia paresthetica: tingling, 
burning pain in the lateral thigh, and frequent 
hyperesthesia so severe that the lateral thigh is 
easily irritated by clothing or touch. The obtura-
tor nerve can be injured as a result of lumbosa-
cral injuries or a pelvic fracture, resulting in a 
mildly disturbed gait in which the leg is exter-
nally rotated and tends to swing outward when 
the patient walks [ 1 ]. 

 The sacral plexus has contributions from the 
lumbosacral trunk formed by the lower branch 
of L4, the L5 anterior division, anterior division 
of S1, and portions of the anterior divisions of 
S2, S3, and S4. There are 12 named branches of 
the sacral plexus: (1) sciatic nerve consisting of 
peroneal and tibial divisions, (2) superior glu-
teal and (3) inferior gluteal nerves, (4) posterior 
femoral cutaneous nerve, (5) perforating cuta-
neous nerve, (6) nerve to the quadratus femoris 
and inferior gemellus, (7) nerve to the obturator 
internus and superior gemellus, (8) nerve to the 
piriformis, (9) nerve to the levator ani and coc-
cygeus, (10) nerve to the sphincter ani muscles, 
(11) pelvic splanchnic nerves, and (12) puden-
dal nerve. The superior gluteal nerve supplies 
the gluteus medius and minimus muscles, 
which aid in the abduction and medial rotation 
of the thigh. With injury to the nerve, the leg 
tends to rest in an outwardly rotated position; 
therefore, when standing on the affected leg, 
the contralateral pelvis drops down. An injury 
to the inferior gluteal nerve that supplies the 
gluteus maximus results in weak extension of 
the hip. Patients have diffi culty arising from a 
sitting position or climbing steps. The rest of 
the nerves have variable patterns of injury and 
are rare in isolation but occur more often with 
sacral plexus injuries [ 1 ].  
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25.11     Sciatic Nerve 

 The sciatic and femoral nerves are the two major 
innervations for the lower extremity. Except at 
the pelvic level, both nerves are unlikely to be 
injured at the same time. If either nerve is 
injured alone, the ability to bear weight with the 
extremity continues despite some paresis. The 
sciatic nerve is formed from the anterior and 
posterior division of the L4–S2 spinal nerves 
and the anterior division of S3. The anterior 
divisions form the tibial nerve and the posterior 
divisions form the peroneal nerve. While one or 
more branches to the hamstring muscle arise 
from the sciatic nerve’s tibial division, the lat-
eral hamstring is supplied by the peroneal divi-
sion of the sciatic nerve. Thus lateral hamstring 
weakness or paralysis accompanied by a foot 
drop likely represents a proximal peroneal divi-
sion injury. A buttock- level sciatic nerve injury 
rarely involves the gluteus maximus and medius 
and rarely results in total paralysis of the ham-
string muscle. A complete sciatic injury at this 
level results in loss of plantar and dorsifl exion, 
foot inversion and eversion, and toe fl exion and 
extension. The peroneal division rather than the 
tibial division is often preferentially injured at a 
high proximal level possibly due to the peroneal 

nerve’s lateral position, thus resulting in greater 
exposure to stretch/contusion during blunt 
trauma, such as fractures or hip dislocations 
(Fig.  25.6 ) [ 78 ].

25.12        Tibial Nerve 

 The tibial nerve arises from the medial half of the 
sciatic nerve, usually at the middle to distal one- 
third. The tibial nerve gives rise to branches to 
the gastrocnemius, plantaris, popliteus, tibialis, 
fl exor digitorum longus, and fl exor hallucis lon-
gus. The posterior tibial nerve gives rise to the 
calcaneal and lateral and medial plantar nerves, 
which provide sensory innervation to the heel 
and plantar aspects of the foot. Foot intrinsic 
muscle loss is not a serious sequel for tibial dys-
function but can result in clawing of the toes. 
Tibial repair at any level is always worthwhile 
provided there is a proven poor potential for 
spontaneous regeneration. This is in part because 
there is a great opportunity for recovery of plan-
tar function and protective sensation to the sole of 
the foot can be regained. Ankle-level injuries 
involving the tibial or plantar nerves are often 
associated with fractures but can be caused by 
blunt contusions or GSWs [ 1 ].  

  Fig. 25.6    Stretch/contusion 
injury to the sciatic nerve       
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25.13     Common Peroneal Nerve 

 The peroneal nerve innervates the anterior tibia-
lis, extensor digitorum communis, extensor hal-
lucis longus and brevis, and extensor digitorum 
longus and brevis muscles [ 79 ]. The common 
peroneal nerve (CPN) is superfi cial as it passes 
lateral to the surgical neck of the fi bula, and it is 
at this point that the nerve is most susceptible to 
injury. The peroneal nerve is fi xed proximally at 
the sciatic notch and fi bular neck; thus, it is less 
able to accommodate stretch, which increases its 
propensity to injury [ 80 ]. Close to its origin, one 
or more branches leave to form the sural nerve, 
sometimes complimented by a branch from the 
tibial nerve. The sural nerve is the major sensory 
nerve of the lower extremity supplying the pos-
terolateral distal one-third of the leg and dorsolat-
eral side of the foot. Injuries to the sural nerve 
result in hypersensitivity to light touch or loss of 
sensation. Injury to the CPN causes weakness of 
the deep branch-innervated ankle and toe dorsi-
fl exors and superfi cial branch-innervated ankle 
evertors. Tendon transfer or partial fusion of the 
ankle can sometimes ameliorate the foot drop 
seen with peroneal palsy. Injury to the deep 
branch also results in decreased sensation in the 
region between the great and second toes. 
Involvement of the superfi cial branch results in 
decreased sensation in the anterior-lateral calf 
and dorsum of the foot. The largest injury cate-
gory for the peroneal nerve occurs at the knee 
level from stretch/contusion due to motor vehicle 
accidents or sports-related injuries, which are 
very diffi cult to manage [ 81 ,  82 ].  

25.14     Femoral Nerve 

 The femoral nerve is one of the major outfl ows of 
the lumbar plexus supplying the iliacus, quadri-
ceps, and sartorius muscles. The saphenous nerve 
arises from the anteromedial femoral nerve, sup-
plying sensory innervation to the medial knee, 
medial leg, and instep region of the foot. Injury to 
the femoral nerve results in inability to extend the 
leg and sensory defi cits in the previously men-
tioned regions. Injury is typically due to iatro-

genic causes, though pelvic and hip fractures, 
GSWs, and lacerations occur as well. Results 
after repair seem to be favorable [ 31 ,  83 ,  84 ].  

    Conclusion 

 Detailed history and physical examination is 
mandatory when nerve injury is suspected. 
Knowledge of the anatomy and innervations 
for the affected nerve is important in localiza-
tion of lesions. There are many aspects to con-
sider when it comes to nerve injuries and 
repair. The mechanism of injury as well as the 
involved nerve results in a wide variety of 
choices in treatment from conservative to 
early or late operative management. The type 
of procedure also varies by nerve injured and 
mechanism of injury. Electromyography can 
be helpful to determine the location of the 
lesion as well as progress of motor function 
over the recovery period. Post- injury follow-
up and rehabilitation are important for 
recovery.     
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26.1            Introduction 

 Traumatic injuries remain the most common 
cause of death and disability among the pediatric 
population with an estimated 20,000 deaths each 
year [ 1 ]. However, vascular injuries in infants 
and children occur with a reported incidence rate 
of 0.6–1.4 % and are relatively uncommon [ 2 ,  3 ]. 
Due to the rarity of pediatric vascular injuries and 
the paucity of literature on the subject, evidence- 
based surgical management has been largely 
based on extrapolation of data from adult vascu-
lar injuries. Few studies have specifi cally focused 
on pediatric vascular trauma. Relevant pediatric 
literature is largely composed of anecdotal case 
studies and single-institution retrospective 
reviews. However, there are a number of clini-
cally signifi cant and age-specifi c issues encoun-
tered with pediatric vascular trauma. Anatomic 
differences between children and adults create 
variation in injury distribution and severity. In 
most children, there is less soft tissue, body fat, 
and connective tissue protecting internal organs 
and central vascular structures compared to 
adults. Neonates and infants are at risk for iatro-
genic arterial injury from diagnostic and thera-
peutic procedures commonly performed at major 
pediatric centers. Younger children have rela-
tively large heads, immature cervical muscles, 
and more compliant ligaments that predispose to 
torsion, shear, and vascular stretch injury. 

 Extremity fractures are common in children, 
either in isolation or in the constellation of mul-
tiple blunt injuries sustained in falls, motor 
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vehicle crashes, and pedestrians struck by vehi-
cles. Supracondylar fractures of the humerus in 
children have a signifi cant rate of associated 
brachial artery injury. The pediatric thorax is 
more compliant and compressible, and signifi -
cant injury may occur in the absence of rib frac-
tures. Fortunately, thoracic aortic injury from 
blunt trauma is signifi cantly less common in 
children than adults. Finally, energy is dispersed 
over a smaller surface area, causing a larger 
concentration of energy in any given anatomic 
region. Along with the social and psychological 
characteristics of children, these age-specifi c 
characteristics create differences in the patterns 
of pediatric vascular injuries and infl uence spe-
cifi c management strategies.  

26.2     Epidemiology 

 Pediatric vascular injuries are relatively uncom-
mon. A comparative, retrospective review of the 
National Trauma Data Bank from 2001 to 2006 
demonstrated that of 251,787 injured children 
less than 16 years of age, 1,138 (0.6 %) had a 
reported vascular injury excluding digital vessel 
and unspecifi ed injuries; this was signifi cantly 
lower than the 1.6 % incidence rate found in the 
adult cohort 16 years of age and older ( p  < 0.01) 
[ 2 ]. Compared to adults, pediatric patients with 
vascular injuries had signifi cantly lower Injury 
Severity Scores, fewer penetrating injuries, and 
fewer thoracic aortic injuries. Vascular injuries in 
children were also associated with lower overall 
mortality compared to adults (13.2 % versus 
23.2 %,  p  < 0.001). However, pediatric vascular 
injuries remain signifi cant in terms of morbidity 
and mortality. Contemporary overall mortality 
from truncal vascular injury in children 17 years 
old or less treated at an established level I pediat-
ric trauma center in Houston remained 25 % [ 3 ]. 
Hemodynamic instability at presentation was 
associated with lower survival rates for thoracic, 
abdominal, and cervical vascular injuries in these 
children. Data from the National Pediatric 
Trauma Registry support an approximately 13 % 
crude mortality rate associated with vascular 
injuries, which signifi cantly exceeds the 2.9 % 
overall mortality rate reported in the registry [ 4 ]. 

These analyses do not include children with iat-
rogenic femoral arterial injury following cardiac 
catheterization or arterial line monitoring. 

 The four most common mechanisms of injury 
in adults and children are motor vehicle colli-
sions, fi rearm injuries, stab wounds, and falls. 
Blunt traumatic mechanisms account for more 
than half of the vascular injuries observed in chil-
dren. The most commonly injured vessels in chil-
dren are in the upper extremity. Injury to the 
brachial artery should be suspected in a child pre-
senting with a pulseless extremity associated 
with a supracondylar humerus fracture. When 
distal pulses remain absent following prompt 
humerus reduction, urgent diagnostic vascular 
evaluation is warranted. The second most com-
mon site of vascular injury in the pediatric patient 
is the abdomen and most commonly involves the 
inferior vena cava and iliac and renal vessels. The 
next most common sites of injury are the lower 
extremity, chest, and neck. Abdominal and tho-
racic aortic injury from blunt trauma is distinctly 
uncommon in children, although this may repre-
sent reporting bias of injuries to children surviv-
ing to emergency room admission (Table  26.1 ). 
These anatomic patterns of vascular injury are 
similar in several single-institution reviews of 
pediatric trauma patients [ 3 – 9 ].

26.3        Clinical Evaluation and 
Diagnostic Imaging 

 Successful assessment and management of 
pediatric vascular injury assumes expeditious 
provision of adequate airway, breathing, and 

   Table 26.1    Demographics and location of pediatric vas-
cular injury ages 0–16 years from the National Trauma 
Data Bank (mean age 10.7 years old,  N  = 1,138)   

 Number  Percent 

 Male  838  73.6 
 Penetrating mechanism  478  42.8 
 Upper extremity  406  35.7 
 Abdomen  275  24.2 
 Lower extremity  212  18.6 
 Chest  150  13.2 
 Neck  113  9.9 

  Adapted from Barmparas et al. [ 2 ]  
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 circulation. The mechanism of injury is often 
useful when assessing for immediately life- 
threatening injuries. In particular, obvious blunt 
or penetrating torso injuries presenting with 
hypotension are associated with increased mor-
bidity and mortality in children. Given the physi-
ological reserve of children, it is important not to 
underestimate the severity of injury on the basis 
of adequate blood pressure alone. Tachycardia, 
tachypnea, cool extremities, and lethargy despite 
a relatively normal or measurable blood pressure 
are worrisome signs for impending cardiovascu-
lar collapse from hypovolemic shock in a child. 

 Initial assessment for possible truncal or 
peripheral vascular injury in a child relies on 
exquisite physical examination. Evidence for 
arterial injury is generally divided into hard 
and soft signs of injury, and this remains a use-
ful clinical algorithm for determining further 
intervention in children. Hard signs of vas-
cular injury include pulsatile bleeding from 
the wound(s), a rapidly expanding or pulsatile 
hematoma, evidence of an arteriovenous fi stula, 
or signs of distal ischemia (pallor, pulseless-
ness, poikilothermia, paresthesias, and pain). 
Importantly, many pediatric vascular injuries 
are associated with open extremity fractures 
and/or soft tissue injury, and therefore, the abil-
ity to rapidly assemble a multidisciplinary team 
with expertise in pediatric resuscitation, trauma, 
orthopedics, vascular surgery, plastic surgery/
microvascular reconstruction, and radiology is 
imperative. 

 The presence of hard signs necessitates 
prompt intervention to control hemorrhage and 
attempts at restoration of vascular continuity. 
Soft signs of injury include persistent shock 
despite ongoing resuscitation, wound hematoma, 
diminished peripheral pulses, proximity of 
wound trajectory to major vessels, or evidence of 
injury to a nerve adjacent to a vessel. In hemody-
namically normal children with suspected 
extremity vascular injury, the most appropriate 
next step is to determine the ankle brachial index 
(ABI). An ABI of less than 0.9 in a young adult 
or child greater than 1 year of age should prompt 
further diagnostic evaluation for vascular injury. 
A potential exception is in newborn infants dis-
cussed below. 

 Following resuscitation and clinical examina-
tion, diagnostic evaluation of hemodynamically 
normal children with clinical signs of vascular 
injury is indicated. Traditionally, biplanar angi-
ography has been considered the gold standard 
imaging modality. However, similar to the adult 
experience, imaging techniques that are less inva-
sive than conventional angiography are gaining 
wider acceptance. CT angiography is now emerg-
ing as one of the more valuable, adjunctive diag-
nostic tools for vascular injury in children given 
the nearly universal presence and immediate 
access to CT scan imaging at pediatric hospitals. 

 Prospective, systematic evaluation of imaging 
alternatives for pediatric vascular injuries has 
been challenging, in part, due to the infrequent 
nature of these injuries. The diffi culty in deter-
mining the most appropriate diagnostic modality 
is underscored in a retrospective review of blunt 
carotid artery injury in the National Pediatric 
Trauma Registry, a multicenter national registry 
with 78 participating institutions [ 10 ]. This study 
demonstrated a blunt carotid injury rate of 0.03 % 
(15 of 57,659 pediatric blunt trauma patients). 
Recorded diagnostic imaging procedures 
included angiography, duplex ultrasonography, 
and magnetic resonance angiography. 
Unfortunately, defi nitive conclusions regarding 
the best imaging modality for these injuries could 
not be made because of the low incidence of 
pediatric vascular injuries and the variability in 
pediatric hospital-based imaging resources. 

 The utility of contrast-enhanced CT scan 
imaging was evaluated in a retrospective review 
of adults presenting with thoracic, abdominal, 
and/or pelvic trauma over a 30-month period. 
CT imaging was compared to conventional angi-
ography for those patients undergoing angiogra-
phy within 24 h of contrast-enhanced CT scan 
imaging [ 11 ]. A total of 63 traumatic torso inju-
ries were evaluated in 48 patients (46 blunt with 
trauma, 2 with penetrating trauma). Contrast- 
enhanced CT scan imaging fi ndings strongly 
correlated with angiographic fi ndings; CT scan 
imaging was found to have 94.1 % sensitivity 
and 97.6 % negative predictive value for detec-
tion of ongoing hemorrhage within the torso and 
92.6 % sensitivity for predicting need for surgi-
cal or endovascular intervention. Despite this 
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retrospective study’s limited sample size and 
lack of CT angiographic imaging technique, 
these fi ndings demonstrate signifi cant diagnostic 
utility using contrast-enhanced CT scan imaging 
for identifi cation of torso vascular injuries 
requiring further intervention. 

 While there are no randomized comparisons 
of CT versus MR angiography in the diagnosis of 
pediatric traumatic vascular injuries, MR angiog-
raphy is valuable in identifi cation of intracerebral 
and cervical vascular injuries associated with 
traumatic brain injury. However, when MR angi-
ography is compared to CT angiography, there 
are distinct advantages for CT angiography in 
children. These include more rapid imaging 
acquisition and decreased need for signifi cant 
sedation and/or anesthesia. The results from sev-
eral studies evaluating the use of CT angiography 
in adult vascular trauma have also provided the 
rationale for its use in children with possible cer-
vical, torso, or extremity vascular injury [ 12 ,  13 ]. 
A retrospective series from a Level 1 Trauma 
Center at the University of Miami reviewed the 
use of CT angiography in 78 pediatric patients 
with suspected cervical or extremity vascular 
injuries caused by either blunt or penetrating 
trauma [ 14 ]. CT angiography was diagnostic for 
major vascular injury in 11 patients with pene-
trating trauma, giving rise to 100 % sensitivity, 
93 % specifi city, a positive predictive value of 
85 %, and a negative predictive value of 100 %. 
For 8 patients with vascular injury from blunt 
trauma, CT angiography was 88 % sensitive and 
100 % specifi c with a 100 % positive predictive 
value and 97 % negative predictive value. The 
accuracy of CT angiography to identify major 
vascular injury for either penetrating or blunt 
trauma in children less than 19 years of age 
exceeded 95 % in this report. 

 Similar to the adult experience, CT angiogra-
phy appears to have comparable sensitivity and 
specifi city to conventional contrast angiography 
in pediatric trauma. Additionally, greater resolu-
tion of injuries to adjacent structures is achieved 
with CT in comparison to angiography. The rela-
tive ease of access, shorter time to achieve diag-
nostic images, greater ability to simultaneously 
assess adjacent structures, and less invasive 

nature of CT angiography are compelling factors 
to consider when imaging is deemed necessary. 
Both conventional angiography and CT angiog-
raphy share the risk of radiation exposure and 
contrast-induced nephropathy. However, control-
ling the scan pass frequency, x-ray tube current, 
peak voltage, pitch factor, and gantry rotation 
allows for reduction of radiation exposure [ 15 ]. 
Complications of conventional angiography in 
pediatric patients include issues related to seda-
tion and diffi culty with vascular access. Arterial 
access complications include hematoma, pseu-
doaneurysm and arteriovenous fi stula formation, 
acute arterial thrombosis, and lower extremity 
limb-length discrepancy resulting from chronic 
femoral artery occlusion. 

 Finally, for pediatric extremity vascular inju-
ries, duplex ultrasonography may be useful in ini-
tial evaluation and long-term follow-up. However, 
the use of duplex ultrasonography in the acute 
assessment of pediatric vascular injury has not 
been well studied, and its use is generally refl ec-
tive of institutional availability and experience.  

26.4     Specifi c Vascular Injuries 
in Children 

 The diagnosis and management of most vascular 
injuries in children follows all established guide-
lines for adults. A few unique clinical manage-
ment issues in children and adolescents with 
vascular injury are more thoroughly discussed 
below. 

26.4.1     Aortic Injuries 

 The incidence rate of aortic injuries in adults is 
well established and remains one of the most 
commonly reported causes of death at the scene 
of motor vehicle crashes. The incidence rate of 
traumatic aortic rupture in children is lower but 
continues to carry signifi cant morbidity and mor-
tality. The incidence of pediatric thoracic aortic 
injury ranges from 0.1 to 2.1 % with blunt mech-
anisms most common [ 1 ,  16 ]. A retrospective 
review from Seattle reported the most common 
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cause of thoracic aorta injury in children was 
blunt trauma from car versus pedestrian (46 %) 
followed by motor vehicle crashes (38 %); none 
of the children with thoracic aortic injury from 
motor vehicle crashes were wearing seat belts 
[ 17 ]. Aortic disruption due to blunt trauma can be 
caused by either direct chest wall compression or 
sudden torsional and/or deceleration causing 
shear stress [ 18 ]. While the aortic arch is rela-
tively fi xed, the descending aorta is more mobile, 
causing the aortic isthmus to be the most com-
mon site of blunt aortic injury in both children 
and adults. 

 Signs associated with blunt injury to the tho-
racic aorta are similar in both adults and children. 
Suspicious fi ndings on chest x-ray include wid-
ening of the mediastinum, loss of the aortic knob, 
presence of a left pleural cap, deviation of the 
trachea to the right, fracture of the fi rst or second 
ribs, scapula fracture, depression of the left main-
stem bronchus, obliteration of the aortopulmo-
nary window, and deviation of the esophagus to 
the left. Given the relative compliance of the 
chest wall in younger patients, children may have 
blunt aortic injury without demonstrable rib, cla-
vicular, or scapular fractures. Presence of these 
signs upon initial examination mandates further 
evaluation of the aorta. CT angiography has 
largely replaced conventional angiography as the 
primary modality used to diagnose pediatric aor-
tic injury. 

 Management of pediatric traumatic aortic rup-
ture requires modifi cation of some perioperative 
and operative strategies. Due to the signifi cant 
forces required to injure the aorta, these children 
are at high risk for other organ injuries, particu-
larly the brain, solid organs, spine, and spinal 
cord. In the absence of signifi cant traumatic brain 
injury, early use of beta-blockade and control of 
blood pressure is warranted. Operative repair 
with or without mechanical circulatory support 
remains the standard treatment for comparison 
[ 19 ]. In the presence of traumatic brain injury, the 
use of medications to reduce heart rate and blood 
pressure must be judiciously weighed against the 
need for maintaining adequate cerebral perfusion 
pressure. Most children with traumatic aortic 
rupture are adolescents that approximate adult 

size; in younger children, the aorta is signifi -
cantly smaller in caliber and is generally more 
fragile. Establishment of intraoperative cardio-
pulmonary bypass procedures in children may be 
technically challenging and requires size- and 
weight-specifi c cannulas, instrumentation, and 
surgeon experience. The use of femoral arterial 
and/or venous access for bypass may be limited 
by the diminutive caliber of these vessels in 
smaller children. 

 Access and use of size-specifi c aortic grafts in 
children must also consider future growth, and 
both short- and long-term follow up is essential. 
Children undergoing thoracic aortic repair for 
trauma should be followed by an experienced 
pediatric cardiologist to determine fl ow charac-
teristics across the graft; if hemodynamically sig-
nifi cant “pseudocoarctation” occurs across the 
graft during adolescence or adulthood, graft 
replacement is warranted. Finally, in the presence 
of traumatic brain injury or other associated inju-
ries at risk for hemorrhage, strategies aimed at 
minimizing systemic anticoagulation during 
repair include using heparin-coated cardiopul-
monary bypass circuits, utilization of aortic 
bypass techniques with intracorporeal shunts that 
do not require systemic heparin, and selective 
deployment of endovascular stent grafts. 

 The rationale for using endovascular stent 
grafts to treat pediatric aortic rupture refl ects the 
successful use of stents in adult trauma victims 
and, in part, the experience with stent grafts to 
treat congenital aortic coarctation. A multicenter 
observational study conducted by the Congenital 
Cardiovascular Interventional Study Consortium 
(CCISC) evaluated 350 adult and pediatric 
patients undergoing stent placement, operative 
repair, or balloon angioplasty to treat aortic 
coarctation [ 20 ]. There was a signifi cantly lower 
acute complication rate with stent placement 
compared with patients undergoing operative 
repair or balloon angioplasty. In this nonrandom-
ized study, stents were placed in patients that 
were signifi cantly older (mean age 16.6 years) 
and larger (mean bodyweight 55 kg) compared to 
patients undergoing operative repair or balloon 
angioplasty. Subgroup analysis of patients 6–12 
years of age demonstrated that stenting had a 
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lower overall acute complication rate (1.8 %) 
compared to surgery or balloon angioplasty 
(13 % each). The CCISC reviewed 398 patients 
ages 4–19 years old undergoing aortic stenting 
for native or recurrent aortic coarctation and 
reported an overall complication rate of 12.6 % 
for this specifi c age group [ 21 ]. The authors con-
cluded that aortic stenting was an effective treat-
ment for coarctation, but it remained technically 
challenging with a high complication rate. 
Technical complications decreased over the 
course of the study and were attributed, in part, to 
improved catheter and stent technology. 

 There are several small series and case reports 
of successful endovascular stent repair of pediat-
ric traumatic aortic injuries [ 19 ,  22 – 24 ]. These 
patients are typically older children or adoles-
cents with signifi cant extracardiac injuries or 
physiological compromise felt to create prohibi-
tive risk for open repair (e.g., bilateral pulmonary 
contusion, traumatic brain injury with intracra-
nial hemorrhage, abdominal or pelvic injuries at 
risk for hemorrhage). These studies note size- 
specifi c issues related to available grafts for use 
in children and vascular access for stent graft 
deployment; if the femoral vessels are too small 
to accommodate the sheath or stent, operative 
approaches to the iliac artery or infrarenal aorta 
may be required. 

 Perioperative use of unfractionated heparin in 
children undergoing endovascular stent place-
ment is recommended; therefore, the risk of 
bleeding from associated injuries with systemic 
antithrombotic therapy must be weighed against 
the potential for thromboembolism. 
Complications of aortic stenting for pediatric 
aortic injury should mirror the adult experience, 
including technical complications related to stent 
deployment or migration, injury to the aorta, and 
both neurological and peripheral vascular com-
plications from ischemia and thromboembolism. 
In selected children with signifi cant extrathoracic 
injuries, endovascular stent repair may temporize 
an immediately life-threatening injury and defer 
direct operative aortic reconstruction until other 
injuries have resolved. It remains important to 
note that endovascular stent repair has not been 
widely used in children with aortic injury, and the 

immediate and long-term effi cacy of this 
approach remains unclear. 

 In summary, pediatric traumatic aortic rupture 
is an uncommon but signifi cant, immediately 
life-threatening injury typically diagnosed using 
CT angiography. Initial management should be 
directed at control of heart rate and blood pres-
sure if practical while simultaneously identifying 
all other associated injuries. Management options 
require individualization based upon the child’s 
size, associated injuries, and institutional experi-
ence. The degree and location of injury, as well as 
the caliber of the aorta and access vessels, require 
careful assessment when deciding the method of 
aortic repair. As experience increases with pedi-
atric endovascular stent grafts, this approach may 
offer an effective treatment in selected children 
with aortic injury. The immediate and long-term 
effi cacy of endovascular stenting for pediatric 
aortic injury remains to be determined.  

26.4.2     Extremity Injuries 

 The upper and lower extremities are the fi rst and 
third most common sites of pediatric vascular 
injury, respectively [ 2 ,  6 ]. Penetrating injuries 
from gunshot wounds, glass, lawn mower blades, 
or boat propeller blades are common causes of 
extremity vascular injury in children. Blunt vas-
cular injuries are typically from motor vehicle 
crashes, falls, or pedestrians struck by vehicles, 
and these are often associated with fractures. 
Historically, more than half of pediatric extrem-
ity vascular injuries were from glass; in more 
recent series, gunshot wounds are accounting for 
an equivalent proportion [ 6 ,  25 ]. Blunt upper 
extremity injury associated with open or closed 
supracondylar fracture accounts for a consistent 
35–40 % of all reported pediatric vascular inju-
ries. Management of extremity vascular injury in 
children offers both diagnostic and treatment 
challenges due to the small caliber of the vessels, 
the greater effect of arterial spasm, and consider-
ations for further limb growth. Arterial vaso-
spasm may be pronounced and prolonged in 
children and adolescents in response to both 
blunt and proximal penetrating injuries. Early 
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consultation and prompt transfer to a regional 
trauma center with expertise in pediatric vascular 
and microvascular reconstruction is highly desir-
able if there is a threatened extremity from vascu-
lar injury that exceeds local capacity for treatment 
or intervention. In the absence of a mangled 
extremity, limb amputation for traumatic extrem-
ity arterial insuffi ciency is extremely infrequent 
in the neonatal and pediatric population.  

26.4.3     Neonatal and Infant Femoral 
Artery Injury 

 In infants and very young children of preschool 
age (less than 2–3 years old), diagnosis of extrem-
ity vascular injury is complicated by the diffi -
culty in precise evaluation of motor and sensory 
function during preverbal stages of development. 
Fortunately, vascular injury is less frequent in 
this age group. Newborn infants have been 
observed to have a slightly lower normal mean 
ABI of 0.88; the ABI should normally increase to 
greater than 0.9 at 1 year of age [ 26 ]. Therefore, 
a threshold ABI of less than 0.9 remains clini-
cally useful in determining the need for confi r-
matory diagnostic testing for vascular injury with 
neonates a notable exception. Much of the pub-
lished experience refl ects management of iatro-
genic femoral arterial injuries following 
percutaneous catheterization for diagnostic and/
or therapeutic procedures such as cardiac cathe-
terization and arterial line monitoring. These 
femoral arterial injuries are anatomically focal 
and there are usually no other associated trau-
matic injuries. However, there may be signifi cant 
congenital cardiovascular disease requiring com-
prehensive management. In this age group, there 
is consensus that arterial injuries presenting with 
hemorrhage, arteriovenous fi stula, or pseudoan-
eurysm require repair. 

 Historically, neonates and infants with an 
acutely ischemic lower extremity were also 
explored. Lin and colleagues from Emory 
University [ 27 ] reported a case series of 34 chil-
dren with iatrogenic femoral arterial injury due to 
catheterization. Fourteen children had acute leg 
ischemia associated with a focal femoral artery 

injury treated by thrombectomy and either 
 primary closure or saphenous vein patch angio-
plasty. All postoperative morbidity, mortality, 
and failure to regain palpable pedal pulses were 
in children less than or equal to 2 years of age, 
suggesting this younger group was particularly 
vulnerable. Lazarides et al. reviewed twelve pub-
lished case series from 1981 to 2006 that pro-
vided detailed descriptions of arterial injuries in 
children [ 28 ]. Thirty-one operations were per-
formed for acutely ischemic, threatened extremi-
ties in 28 children less than 2.5 years old. Less 
than half of the extremities regained palpable 
pulses with a mortality of 25 % and limb-length 
discrepancy of 15 %. In the setting of an acutely 
ischemic, threatened extremity, surgical manage-
ment and outcome in this age group clearly 
remains challenging. 

 Clinically distinguishing the viability of an 
ischemic distal extremity in a neonate or infant 
can be diffi cult. This is an age group character-
ized by extraordinarily small target vessels with 
profound arterial vasospasm in response to 
mechanical injury or cold temperature. 
Unremitting vasospasm can contribute to throm-
bus propagation into the iliac artery and aorta. 
Initial management should be aimed at maintain-
ing normal hemodynamics, removal of any arte-
rial or venous catheters present in the affected 
limb, and warming the distal extremity. In gen-
eral, symptoms of arterial vasospasm in a neo-
nate should reverse within 3–6 h. The most 
appropriate early intervention for threatened or 
nonthreatened limb ischemia associated with 
femoral arterial thrombosis is prompt initiation 
of antithrombotic therapy. There must be no 
 clinical contraindications to anticoagulation, and 
assessment of limb viability should be performed 
frequently. 

 Signs of a viable extremity include the pres-
ence of a proximal palpable pulse, distal Doppler 
signals, capillary refi ll, and absent skin mottling 
[ 28 ]. For this age group, the presence of these 
signs may help to predict successful nonoperative 
management of arterial extremity ischemia using 
systemic anticoagulation with heparin and/or 
thrombolytic therapy [ 28 ,  29 ]. In infants, systemic 
anticoagulation and/or thrombolytic therapy may 
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prevent thrombus propagation and increase the 
probability of vessel patency with healing. There 
is age-dependent distribution, binding, and clear-
ance of antithrombotic agents, and it is helpful to 
have guidance from an experienced pediatric 
hematologist. Evidence-based guidelines for anti-
thrombotic therapy in neonates and infants from 
the American College of Chest Physicians 
(ACCP) recommend the use of unfractionated 
heparin at a loading dose of 75 units/kg intrave-
nously over 10 min, followed by an initial mainte-
nance dose of 28 units/kg/h for infants less than 1 
year old and 20 units/kg/h for older children [ 30 ]. 
Titration of heparin dosing should be performed 
to obtain an activated partial thromboplastin time 
(aPTT) of 60–85 s or an anti-Xa level of 0.35–
0.70. In the absence of contraindications, ACCP 
clinical guidelines recommend that infants with 
limb- or organ-threatening femoral artery throm-
bosis unresponsive to unfractionated heparin 
should be treated with thrombolytic therapy; if 
there is contraindication to thrombolytic therapy, 
surgical intervention is recommended in this set-
ting [ 30 ]. This management approach is relatively 
unique for iatrogenic vascular injuries in this frag-
ile age group with diminutive arterial vessel 
caliber.  

26.4.4     Childhood and Adolescent 
Extremity Injury 

 The management of vascular injuries in older chil-
dren and adolescents follows contemporary adult 
practice. To account for future somatic growth, 
most surgeons utilize primary repair when possi-
ble and vein patch angioplasty or reversed vein 
grafts for reconstruction of more complex arterial 
injuries. Vein grafts are typically harvested from 
an uninjured limb to prevent iatrogenic disruption 
of venous drainage from the injured extremity. In 
the setting of pediatric vascular injury, there are no 
compelling, evidence- based data regarding the use 
of interrupted versus continuous suture repair or 
the use of permanent versus absorbable suture in 
vascular reconstruction. Therefore, the surgeon 
should use the techniques that are most familiar to 
him/her in this setting. Pediatric trauma centers 

have immediate access to surgeons capable 
of  providing emergent exploration and control of 
life-threatening hemorrhage; these institutions 
should also have immediate access to pediatric 
interventional radiology and surgical specialists in 
both vascular and microvascular reconstruction. 

 If immediate vascular repair or reconstruction 
is not possible during primary exploration for 
hemorrhage, a temporary shunt may be used as a 
bridge for maintaining distal perfusion. Successful 
use of temporary vascular shunts has been 
reported in civilian and military settings as an 
adjunct to damage control and as means of injury 
management prior to transportation for defi nitive 
care [ 31 ,  32 ]. There is extremely limited pub-
lished experience using temporary shunts in chil-
dren. For smaller children, temporary vascular 
shunts will require the use of smaller diameter 
neonatal or pediatric cardiopulmonary bypass 
cannula, neonatal chest tubes, or pediatric feeding 
tubes. General technical caveats include loupe 
magnifi cation and/or the use of an operating 
microscope, establishing and maintaining normo-
thermia, liberal use of papaverine or topical lido-
caine to reverse vasospasm, and generous 
spatulation of vessels undergoing primary repair 
using 6–0, 7–0, or 8–0 monofi lament sutures [ 33 ]. 

 Similar to adults, primary venous reconstruc-
tion is desirable when feasible. The use of pros-
thetic grafts should be limited to the adult-sized 
adolescent unless autologous grafts are unavail-
able or impractical. Fasciotomies of the distal 
extremity compartments should be considered 
and promptly performed in all children requiring 
vascular reconstruction with prolonged limb 
ischemia. Finally, actual blood loss due to vascu-
lar injury and its repair may be grossly underesti-
mated in children, and access to massive 
transfusion capability along with vigilant periop-
erative monitoring is essential. 

 Supracondylar fractures of the humerus are 
an important and relatively common pediatric 
injury pattern associated with traumatic arterial 
insuffi ciency (Fig.  26.1 ). Failure to promptly 
recognize brachial artery injury in a child can 
lead to the development of Volkmann ischemic 
fl exion contracture of the wrist. Children pre-
senting with supracondylar fractures associated 
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with a pulseless distal extremity should undergo 
immediate closed reduction and percutaneous 
pinning of the fracture. Following reduction, 
persistent arterial insuffi ciency determined by 
either lack of palpable radial pulse, diminished 
Doppler signals, or decreased fl ow on Doppler 
ultrasonography mandates urgent diagnosis and 
management; some surgeons advocate immedi-
ate exploration in this setting, while others will 
pursue demonstration of brachial artery injury by 
either duplex or triplex ultrasonography or CT 
angiography prior to exploration (Fig.  26.2 ). A 

retrospective review of 59 consecutive children 
with type III  supracondylar humeral fractures at 
Children’s Hospital of Boston found evidence 
of brachial artery injury in 11 (18.6 %) [ 33 ]. At 
exploration, three of these children were found to 
have brachial artery in spasm. As many of these 
children are under 10 years of age, the  brachial 
artery is diminutive, and successful repair may 
require microsurgical techniques [ 34 ,  35 ].

    One of the clinically relevant issues with pedi-
atric extremity vascular injury is limb-length dis-
crepancy as a result of chronic arterial 
insuffi ciency during growth. Long-term follow-
 up in pediatric patients undergoing operative 
repair of extremity arterial injury demonstrates 

  Fig. 26.1    Supracondylar fractures of the humerus are an 
important and relatively common pediatric injury pattern 
associated with traumatic arterial insuffi ciency       

  Fig. 26.2    Following reduction, persistent arterial insuf-
fi ciency determined by either lack of palpable radial 
pulse, diminished Doppler signals, or decreased fl ow on 
Doppler ultrasonography mandates urgent diagnosis and 
management; some surgeons advocate immediate explo-
ration in this setting, while others will pursue demonstra-
tion of brachial artery injury by either duplex or triplex 
ultrasonography or CT angiography prior to exploration       
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ipsilateral limb shortening in 33–50 % despite 
rapid development of collateral circulation 
[ 36 ,  37 ]. Even in the setting of a viable extremity, 
an aggressive approach at treating arterial insuf-
fi ciency in a growing child may be important to 
prevent limb-length discrepancy. Routine follow-
 up is essential to evaluate for claudication, gait 
disturbance due to limb-length discrepancy, and 
changes in ABI. This is also a setting where 
duplex ultrasonography may have an important 
diagnostic role in children. Limb-length discrep-
ancy requires extremity plain x-ray fi lms and 
measurement of bone length, as external mea-
surements are less accurate. Symptomatic arterial 
insuffi ciency following pediatric vascular injury 
requires further diagnostic investigation and 
intervention. Most surgeons agree that revascu-
larization is indicated for symptomatic extremity 
arterial insuffi ciency in a growing child or ado-
lescent. However, the effect of revascularization 
for chronic extremity arterial insuffi ciency on 
reversing limb-length discrepancy remains less 
clear. In addition, it remains diffi cult to discern 
the effect of associated traumatic soft tissue 
injury, fracture, and nerve injury on limb growth 
trajectory in children requiring extremity vascu-
lar repair. 

 In summary, pediatric extremity vascular 
injury is complicated by the small caliber of the 
injured vessels and the propensity for vasospasm. 
Management principles are guided by clinical 
determination of ongoing hemorrhage, hemody-
namic status, and limb viability. The ABI remains 
useful in assessing distal lower limb perfusion in 
neonates, infants, and children. Selected cases of 
neonatal and pediatric iatrogenic femoral arterial 
injury may be successfully managed by anti-
thrombotic therapy. Operative management of 
childhood and adolescent vascular injuries fol-
lows established principles for adult vascular 
trauma. The use of temporary vascular shunting 
in children requires access to smaller diameter, 
size-specifi c shunts and may be a useful adjunct 
during damage control. Chronic extremity arte-
rial insuffi ciency in growing children may result 
in limb-length discrepancy, highlighting the need 
for close follow-up.      
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27.1            Introduction 

 Vascular injury in the military has special 
 signifi cance. Combat-related injuries to major 
vessels present unique technical challenges and 
result in hemorrhage that is responsible for 
nearly 80 % of potentially preventable deaths on 
the battlefi eld [ 1 ]. The most lethal vascular inju-
ries are those to the torso, which includes the 
chest and abdomen. Torso injury is reportedly 
the cause of half of all potentially survivable 
hemorrhagic deaths, followed by extremity vas-
cular injury, which is responsible for one third 
[ 2 ]. The front lines of a battleground are cha-
otic, located in harsh environments, and vary 
widely, depending on the goal and scope of 
military operations. Surgical care may be ren-
dered in tents or buildings of opportunity that 
lack suitable light and ventilation or in more 
established and well-equipped forward surgical 
hospitals. These austere conditions, combined 
with the technical demands associated with the 
treatment of vascular injury, necessitate the 
early and deliberate preparation of military 
medics and surgeons at all levels of care to 
ensure the successful management of vascular 
trauma [ 3 – 5 ].  

27.2     Historical Perspective 

 During World War II, time lags, practical 
 diffi culties, and poor physiologic conditions led 
DeBakey to conclude after an analysis of nearly 
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2,500 cases that vessel ligation, while not the 
“procedure of choice, is one of necessity” [ 6 ]. 
During the Korean War, a surgical research team 
was established to study this problem in an effort 
to improve on the management of combat-related 
vascular injury [ 7 ]. Since the spring of 1952, sev-
eral reports on successful arterial repairs per-
formed under austere conditions without the 
benefi t of proper instruments gained the attention 
of the Offi ce of the Surgeon General [ 8 – 10 ]. 
Hughes demonstrated among 269 repairs an 
impressive reduction in the amputation rate from 
36 % in World War II to 13 % during the Korean 
War. Time lags and ongoing resuscitation needs 
remained the ultimate “Achilles heel” of success-
ful vascular surgery during the Korean War [ 7 ]. 
Battlefi eld environments became more favorable 
for diffi cult vascular reconstructions during the 
Vietnam War. Forward surgical positioning to 
minimize ischemic time, along with modern 
resuscitation practices, permitted the widespread 
application and success of arterial reconstruction. 
The management of complex injuries such as 
those involving the popliteal artery and vein, or 
large cavitary wounds that threaten graft viabil-
ity, and those associated with severe open con-
taminated fractures became the focus of attention 
during this era [ 11 ]. The Vietnam Vascular 
Registry under the leadership of Normal Rich 
details a careful analysis with completed follow-
 up of over 1,000 cases and now serves as a refer-
ence standard for the application of vascular 
surgery during the modern confl icts of the 
twenty-fi rst century [ 12 ].  

27.3     Recent Advances 

 With more than 8,000 deaths and approximately 
50,000 combat-related injuries in over a decade 
of modern warfare, the global war on terror 
(GWOT) has proved to be a formidable and 
 sustained military campaign. During this confl ict, 
advances in many forms have allowed for a 
 concerted effort to reduce deaths from poten-
tially survivable vascular injuries and improve 
the quality of functional extremity salvage 
(i.e., saving life and limb) [ 13 – 16 ]. 

 At the beginning of the GWOT, the Department 
of Defense implemented a testing, training, and 

fi elding program for battlefi eld tourniquets 
 [ 17 – 19 ]. Effectiveness of early tourniquet 
 application observed in Iraq and Afghanistan has 
led to doctrinal changes that have produced a 
surge of patients with vascular injuries who, in 
the past, would not have reached a fi eld hospital 
alive [ 20 ]. Although current military endeavors 
regarding the appropriateness of tourniquet use 
began with trepidation, the forward deployment 
of surgical capabilities has limited tourniquet 
duration, thus increasing effectiveness, reducing 
complications, and ultimately improving survival 
[ 21 – 24 ]. The development of the Joint Theater 
Trauma System has also improved surgical care 
and reduced mortality by implementing clinical 
practice guidelines and performing outcomes 
research emerging from the Joint Theater Trauma 
System, the GWOT Vascular Initiative, and the 
Walter Reed Vascular Registry. 

 Other modern advances include the routine 
use of personal protective gear, the deployment 
of level II facilities at more forward locations, 
and the selective application of surgical adjuncts 
(e.g., temporary vascular shunts, fasciotomies) 
[ 25 ,  26 ]. Management of complex soft tissue 
wounds associated with vascular injury with 
negative- pressure wound therapy and the perfor-
mance of tibia-level reconstruction for selected 
injury have also advanced the practice of limb 
salvage on the modern battlefi eld [ 27 ,  28 ]. 
Finally, this is the fi rst confl ict whereby endovas-
cular technologies that have been used to diag-
nose and treat certain types of vascular, pelvic, 
and solid organ war-related injuries have become 
more widespread and generally accepted as a 
mainstay of surgical care [ 28 – 32 ].  

27.4     Incidence and Distribution 

 During the Vietnam War, vascular injuries 
accounted for 2 –3 % of battle-related injuries 
[ 12 ]. However, reports during the current war 
have demonstrated that the contemporary rate 
of vascular injury has increased from 9 to 12 % of 
battle-related injuries, adjusting the rate 
of  vascular injury to fi ve times that reported in 
prior confl icts [ 33 ]. The increased incidence of 
 vascular injury may have several explanations, 
but  certainly protective armor, tourniquets, and 
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an overall increased diagnosing and recording 
of such injuries have been major factors. 

 Lower extremity vascular injuries occur 
at approximately two times the rate of upper 
extremity injuries, refl ecting the relative length 
of axial vessels and the exposed position of 
the lower extremity away from protective body 

armor. The anatomic distribution of arterial and 
venous injuries is roughly the same. In the lower 
extremity, the superfi cial femoral artery is most 
commonly injured closely followed by the pop-
liteal and tibial arteries (Table  27.1 ). Injuries 
to the proximal common femoral and profunda 
femoris arteries are less common because of 

   Table 27.1    Distribution and management of 497 patients with 523 vascular injuries using DCR   

 Location/vascular 
Injury  Suture  Patch  End-end  Prosthetic 

 SV 
interposition 

 SV 
bypass  Ligation  Thrombectomy  Total 

 Abdomen 
  Splenic  1  2  3 
  Renal  1  1 
  Iliac  1  1  5  2  9 
  Hypogastric  1  1  2 
 Neck 
  Carotid  2  4  2  8 
 Chest 
  Aorta  1  1 
  Innominate  2  2 
 Upper extremity 
  Subclavian  1  1  2  2  1  7 
  Axillary  1  1  1  4  2  9 
  Brachial  6  1  6  1  48  6  1  2  71 
  Ulnar  6  1  1  1  1  2  13  25 
  Radial  1  1  4  18  24 
 Lower extremity 
  Common femoral  4  1  2  6  3  2  1  19 
  Superfi cial femoral  4  6  8  2  39  6  3  2  70 
  Popliteal  5  35  10  4  5  59 
  Tibial  6  1  5  9  2  28  1  52 
 Venous 
  Saphenous  8  8 
  Radial  1  1 
  Brachial  2  9  11 
  Basilic  7  7 
  Cephalic  2  5  7 
  Jugular  1  1  5  7 
  Subclavian  2  2 
  Axillary  2  5  7 
  Hepatic  1  1  2 
  Splenic  2  2 
  Hypogastric  1  1 
  Iliac  3  1  11  15 
  Femoral  1  2  5  7  15 
  Superfi cial femoral  7  1  6  1  6  18  1  40 
  Tibial  1  13  14 
  Popliteal  1  1  3  4  13  22 
  Total    52    13    49    15    167    31    184    12    523  

  Adapted from Dua et al. [ 13 ] 

  Suture  primary repair,  End - End  end-end anastomosis,  SV  saphenous vein  
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their  proximity to the protective structures of the 
torso and their lethality when they do occur. In 
a detailed analysis of penetrating femoropopli-
teal injuries during modern warfare, Woodward 
and colleagues showed that nearly 50 % of lower 
extremity vascular injuries had a combined arte-
rial and venous component [ 34 ]. Because nearly 
all vascular injuries in wartime are caused by 
blast or high-velocity weaponry, approximately 
one third of those with vascular injuries have 
associated orthopedic injuries and up to 20 % 
have partial- or full-thickness burns; the same 
percentage has an additional head or torso injury 
[ 35 ]. All these associated injuries impact the 
decision making related to the triage and ultimate 
treatment of vascular injury.

   Penetrating mechanisms of injury are by far 
the most common, with explosive devices and 
gunshot wounds responsible for nearly all vascu-
lar injuries during wartime [ 6 ,  7 ,  12 ,  25 ]. In OIF, 
improvised explosive devices were the cause of 
vascular injury in 55 % of patients, and gunshot 
wounds accounted for 39 % of injuries 
[ 25 ,  36 ,  37 ]. In one study of these penetrating 
injuries, 110/111 US casualties survived the 
immediate repair of an extremity arterial injury. 
This subgroup had a mean graft patency rate of 
84.9 % at 347 days (range 29–1,079 days) and a 
primary amputation rate of 14.2 % (16/113) after 
surgical treatment in the US military hospitals of 
Iraq and Afghanistan. This outcome is especially 
important given their initial physiologic derange-
ments and may have strong implications for uti-

lizing fresh blood products in equal ratios when 
arterial reconstruction is attempted over a pri-
mary amputation (Table  27.2 ) [ 13 ].

27.5        Clinical Presentation 

 The presentation of vascular injury can be divided 
into two familiar categories: patients presenting 
with hard signs of vascular injury and those pre-
senting with soft signs. Approximately half of 
wartime vascular injuries manifest hard signs, 
including hemorrhage from a penetrating wound 
or bleeding into a closed space as evidenced by 
an expanding hematoma, most commonly in an 
extremity or the neck. About 30 % of extremity 
vascular injuries present with an associated frac-
ture or dislocation. Extremity ischemia is another 
hard sign of vascular injury commonly encoun-
tered. Careful physical examination, including 
use of a stethoscope, may detect the hard sign of 
a palpable thrill or audible bruit associated with a 
traumatic arteriovenous fi stula. Frequently, these 
injuries are associated with hemorrhagic shock, 
with reports of signifi cant blood loss at the scene 
of the injury or during evacuation. Hemorrhage 
from a torso vascular injury may present as 
hemoperitoneum or hemothorax discovered at 
the time of chest tube placement, thoracotomy, or 
laparotomy. Alternatively, in patients who are 
hemodynamically stable and able to undergo 
contrast angiographic computed tomography, 
vascular injury may be diagnosed by the 

   Table 27.2    Distribution and management of 111 US casualties with 113 extremity vascular injuries   

 Artery 
 Primary 
repair  SVG  Prosthetic  Repairs  # Patent  Amputation  Survival  Follow- up b     

 Iliac  1  1  1  3  3 (100 %)  3 (100 %)  347 days (29–1,079) 
 Femoral  10  20  3  33  29 (87.9 %)  4 (12.1 %)  33 (100 %) 
 Popliteal  1  22  23 a   16 (69.6 %)  7 (30.4 %)  22 (100 %) 
 Tibial  9  4  13  11 (84.6 %)  2 (15.4 %)  13 (100 %) 
 Brachial  4  28  1  33 a   30 (90.9 %)  2 (6.7 %)  31 (96.9 %) 
 Ulnar  1  3  4  3 (75 %)  1 (25 %)  4 (100 %) 
 Radial  2  2  4  4 (100 %)  4 (100 %) 
  Total    28    80    5    113    96  ( 84 . 9  %)   16  ( 14 . 2  %)   110  ( 99 . 1  %) 

  Adapted from Dua et al. [ 13 ] 
  SVG  saphenous vein graft 
  a 1 Bilateral repair 
  b Mean (range)  
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 presence of blood in the abdomen or chest or an 
abnormality of a large vessel (e.g., pseudoaneu-
rysm, extravasation).  

27.6     Assessment Pearls 
and Lessons 

 A concentrated effort has recently focused on 
reducing potentially survivable deaths from vas-
cular injury and hemorrhagic shock. The effec-
tiveness of early tourniquet application observed 
in Iraq and Afghanistan has led to doctrinal 
changes that have produced a surge of patients 
presenting with vascular injuries that in past 

 confl icts would never have reached a fi eld 
 hospital alive. Optimal management requires 
proper planning and recognition of the essential 
priorities necessary to prevent immediate 
 hemorrhagic death (Fig.  27.1 ). Blast-associated 
injury involves fractures, thermal injury, and 
embedded fragments over a majority of the body 
surface. Following immediate airway control, 
attention is directed at controlling hemorrhage 
and obtaining vascular access. External bleeding 
can often be hidden by warming blankets or mili-
tary gear as wounded casualties usually arrive in 
full body armor and may have fi eld tourniquets 
applied to one or more limbs. Direct pressure 
is the most effective way to control hemorrhage. 

  Fig. 27.1    Military trauma 
results in massive tissue 
destruction and arterial injury. 
Aggressive damage control 
resuscitation is essential 
for successful limb salvage 
efforts in combat casualties 
with vascular trauma 
with other associated 
life-threatening injuries 
(Adapted from Fox et al. [ 5 ])       
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A volume- depleted patient may not always 
 manifest active arterial bleeding at the time of 
admission. Prehospital tourniquets should none-
theless be inspected and readjusted or replaced 
once the resuscitation restores adequate periph-
eral perfusion. For active arterial bleeding, the 
narrow prehospital tourniquets are commonly 
exchanged for the much wider EMT pneumatic 
type (Delfi  Medical, Vancouver, Canada) and the 
wound is best explored in the operating room. 
Intravenous access may be hindered by shock, 
and immediate intraosseous access into the tibia 
or the adult sternum is easy and rapid. Initial lab-
oratory studies will depict the degree of physio-
logic distress that is used to guide the resuscitation 
and early operative planning.

   Damage control resuscitation, a strategy of 
liberal blood product administration, minimal 
crystalloid use, and selective use of recombinant 
factor VIIa, should begin early in the emergency 
room and continue intraoperatively. Hemostatic 
agents or plasma should be used when necessary. 
The goal is to achieve hemostasis, restore normal 
physiology, and potentially complete a vascular 
reconstruction prior to arrival to the intensive 
care unit. If the graft is done correctly, it should 
not fail due to correction of coagulopathy and 
lack of heparin administration. Blood products 
should be transfused within minutes of arrival 
with an emergency release of four units of type O 
packed red blood cells (PRBCs) and four units of 
thawed AB plasma sent on demand from the 
blood bank. The blood products are best trans-
fused through a Belmont rapid infuser system 
(Belmont Instrument Corporation, Billerica, 
MA) that is reserved in the admitting area. The 
mean 24-h transfusion requirements are summa-
rized for nearly 500 combat casualties with vas-
cular injury (Table  27.3 ). Unstable patients with a 
truncal injury or those with more than one man-
gled extremity are considered “in extremis” and 
should trigger a massive transfusion protocol. 
This involves a standardized release and transfu-
sion of PRBCs, thawed plasma, cryoprecipitate, 
and platelets. The use of FWB is safe and can be 
very effective in remote locations where supply is 
limited or in patients that require a massive trans-
fusion [ 38 ].

   Active bleeding should be managed by 
 surgical exploration. Progressive ischemic bur-
den can result in ultimate graft failure and subse-
quent limb loss, and therefore, early recognition 
is crucial for success. A pattern of soft tissue 
wounds and fractures is often a very reliable clue 
that a vascular injury exists. The pulse exam is 
confi rmed with Doppler signals when tourniquets 
are safely loosened. Recognition and controlling 
hemorrhage is a key component of the initial 
assessment and subsequent decision making. 
These assessments are best done as a team to 
facilitate operative planning. Angiographic 
(computed tomographic or catheter based) 
assessments are useful for cervical and truncal 
vascular injury or when endovascular interven-
tions are being considered.  

27.7     Management Pearls 
and Lessons 

 A dedicated two-team approach is recommended 
for the surgical management of military vascular 
injuries. For extremity injury this practice reduces 
ischemic time as the primary team may be preoc-
cupied with thoracotomy, or laparotomy to 
 control hemorrhage, or other damage control 
maneuvers. A second team can apply external 
fi xation, perform fasciotomies, begin a peripheral 

   Table 27.3    Summary of mean 24-h transfusion 
 requirements after damage control resuscitation in 497 
casualties   

 Blood component  Mean (SD)  Range 

 Packed RBCs  15 ± 13 units  1–70 

 FFP  14 ± 13 units  1–72 
 Cryoprecipitate  13 ± 15 units  1–49 
 Platelets  8 ± 6 units  1–36 
 Total components  42 ± 39 units  2–236 
 Total crystalloid  5.8 ± 4.5 l  1–28 
 Whole blood  6 units     3–10 
 rFVIIa (1 dose 90–120 g/kg)  2.1 doses    2–6 
 Massive transfusion 
(>10 units/24 h) 

 34 % of 
study group 

  Adapted from Dua et al. [ 13 ] 
  FFP  fresh frozen plasma or thawed plasma,  RBC  red 
blood cells,  DCR  damage control resuscitation,  rFVIIa  

recombinant factor VIIa  
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vascular exposure, or harvest vein from a 
 noninjured or amputated extremity. It is impor-
tant to take appropriate time to harvest the vein so 
as to avoid injury to the conduit which could lead 
to decreased graft patency. Similarly, care should 
be taken not to injure the saphenous vein when 
performing a fasciotomy. Prep, drape, and posi-
tion the patient to enable unimpeded access to 
another body cavity or limb in the event of unex-
pected deterioration or need for additional vein 
harvesting. 

 Hemorrhage control is best accomplished 
away from an expanding hematoma. Careful dis-
section proximal and distal to the site of injury is 
generally preferable to dissection and digital 
occlusion within the hematoma. Communication 
with the anesthesia team is critical to ensure 
proper resuscitation and “keeping up” with 
 operative blood loss. Balloon occlusion is often 
helpful for heavily calcifi ed noncompressible 
vessels. 

 For proximal axillo-subclavian wounds, ster-
notomy or left anterior thoracotomy and clamp-
ing of the subclavian artery eliminate the error of 
uncontrolled dissection through an expanding 
hematoma of the chest. Alternatively, an endo-
vascular approach, via the common femoral 
artery, can be used for fl uoroscopic-guided intra- 
arterial balloon control of proximal subclavian 
vessels. For open control, approach distal axillary 
and proximal brachial arterial injuries with infra-
clavicular incisions, and extend across the delto-
pectoral region into the upper arm as needed. The 
medial approach is preferred for femoropopliteal 
injuries. The approach in relation to the knee 
joint is directed by the level of the wound; how-
ever, total division of muscular attachments at the 
knee is sometimes required to control hemor-
rhage of transected arteries and veins. You may 
fi nd that the transected vessel end can be diffi cult 
to identify in the destroyed tissue. Although often 
thrombosed at the time, these vessels must be 
found and ligated because they will rebleed later 
after the patient is resuscitated. Retrograde 
advancement of a Fogarty catheter from an unin-
jured distal site can also be used to locate the 
transected artery in a horrifi c wound that is no 
longer bleeding. When making a decision to 

amputate or salvage an extremity, you should 
consider the patients’ condition, extent of injury, 
and your willingness to commit the patient to the 
necessary defi nitive orthopedic care and physical 
rehabilitation. No one situation or scoring system 
can replace the surgical judgment developed by 
an experience team. 

 An autologous repair is preferred. For small 
wounds with preserved muscle, an end-to-end 
anastomosis or a short reversed saphenous vein 
interposition graft is the best option. For larger 
wounds, a long graft well tunneled away from the 
zone of injury is always preferable to an exposed 
graft regardless of the composition. Vein grafts 
are prone to rupture at the anastomosis if they are 
placed into a dirty contaminated wound. A 
lengthy and meticulous debridement at the outset 
is not necessary as these wounds look much bet-
ter in a few days after subsequent washouts and 
vacuum dressings. However, debridement of any 
obviously devitalized tissue is an essential early 
step of this operation. The saphenous vein is the 
preferred conduit for military vascular injuries. 
In the author’s experience, prosthetic grafts 
placed in larger vessels with good muscle cover-
age have been used successfully. While pros-
thetic grafts for “clean” subclavian and carotid 
wounds can yield excellent results, the inferior 
long-term patency of prosthetic materials and the 
potential for infection in war wounds have 
restricted its widespread use in combat-related 
extremity wounds [ 39 ]. 

 Ballistic trauma can transmit kinetic energy 
and result in intimal injury well beyond the tran-
sected arterial segment. Therefore, vascular 
debridement should be focused on the quality of 
the luminal surface and strength of the arterial 
infl ow relative to the patients’ hemodynamics. In 
military trauma, lack of adequate lighting, fi ne 
surgical instruments, desired monofi lament 
sutures, and loupe magnifi cation may disadvan-
tage the careful tissue handling that is crucial to a 
successful vascular operation. In overcoming 
these expected obstacles, a four-quadrant, heel-
to- toe anastomosis that is well spatulated is the 
easiest method to teach and perform in diffi cult 
situations. Small Heifetz clips or Bulldog clamps 
can also minimize the chance of a clamp injury. 
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Special precautions are worthwhile and should in 
particular include routine fl ushing of the graft 
and native artery with heparinized saline to 
 dislodge fi brin strands and platelet debris. 

 The challenges of managing upper extremity 
injuries should not be underestimated, and they 
can often require massive transfusions, from 
ongoing blood loss and resuscitation require-
ments. The arm swelling and wound expansion 
that can result highlights the importance of a wide 
tunnel for a saphenous vein graft. There has been 
a sustained interest in repair of venous injuries to 
avoid the potential for early limb loss from venous 
hypertension or long-term disability from chronic 
edema. With combined injuries, arterial repair 
should precede venous repair to minimize further 
ischemic burden, unless the vein repair requires 

very little effort. Alternatively, temporary 
 shunting of the artery during venous repair allows 
for reestablishment of venous outfl ow prior to 
defi nitive arterial injury repair or replacement. 

 The temporary use of shunts for military 
trauma is a very effective damage control tech-
nique to allow for delayed reconstruction. The 
value of temporary shunting should be compared 
with the consequences of simple ligation. For 
example, ligation of the brachial artery after con-
fi rming distal signals and palmar blood fl ow 
allows for elective delayed reconstruction if indi-
cated. Surgeons at smaller remote facilities may 
prefer shunting when rapid evacuation to places 
capable of matching transfusion requirements or 
performing emergent complex vascular repairs is 
necessary (Fig.  27.2 ).

  Fig. 27.2    Following hasty iliac control, a left 
 transfemoral amputation, right leg fasciotomy with 
external fi xation, and shunting of the superfi cial femoral 
artery and vein were performed for bilateral fragmenta-
tion wounds. Insert depicts the use of temporary shunt-
ing as a damage control adjunct for delayed repair of the 

artery and vein. A reversed saphenous graft harvested 
from the contralateral amputated leg was used to recon-
struct the injured femoral artery and vein. At 1-year fol-
low-up, the patient had a viable right lower extremity. He 
required 194 units of various blood products in the fi rst 
24 h (Adapted from Fox et al. [ 5 ])       
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   While arteriography remains the gold 
 standard for guiding surgical reconstruction, 
static fi lm arteriography has largely been 
replaced with portable C-arm units capable of 
digital subtraction angiography. Contrast arteri-
ography is very useful for locating the injured 
vascular bed when there are diffuse fragmenta-
tion wounds to the extremity. Hand-injected 
contrast images using butterfl y needles without 
special wires or catheters can be acquired 
quickly using the digital subtraction mode on a 
mobile C-arm unit. Rotating the table before the 
start of the case may be necessary to properly 
maneuver the C-arm. When all else fails, hold-
ing the feet off the end of the table may allow for 
the acquisition serial images to  satisfactorily 
complete the case. The logistics of maintaining 
a robust inventory in a fi eld hospital continues to 
limit the capability to carry out these interven-
tions in combat. Completion assessments fol-
lowing open repair or endovascular interventions 
make use of a combination of physical exam, the 
handheld Doppler, and selective arteriography.  

27.8     Final Considerations 

 The next 24 h are focused on patient warming, 
resuscitation, and vascular checks. A palpable 
pulse may be absent prior to adequate rewarming 
and resuscitation with blood products. Pulsatile 
fl ow should be confi rmed with a handheld con-
tinuous wave Doppler probe and Ankle-Brachial 
Indices (ABIs). The temptation to return immedi-
ately to the operating room is discouraged unless 
a graft failure is very obvious. Evacuation and 
transfers should be delayed for an appropriate 
intensive care observation to ensure that grafts 
are patent and that a compartment syndrome has 
not developed. Postoperative bleeding is expected 
and this situation is best managed with intraop-
erative drain placement, continued resuscitation, 
and reversal of coagulopathy. External fi xators 
are readjusted, and a wound inspection is nor-
mally performed within 24 h. The typical patient 
is returned to the operating room as needed for 
additional washouts, debridements, and negative- 
pressure “vacuum” dressing changes. There 

should be a low threshold for performing a 
 fasciotomy for patients with extremity vascular 
injury. Postoperative anticoagulation is not 
 necessary to maintain graft patency. Systemic 
heparinization is however recommended in the 
setting of extensive multivessel arterial thrombo-
sis requiring thrombectomy. In this case, low-
dose anticoagulation should be maintained for 
24–48 h postoperatively.  

    Conclusion 

 Early initiation of damage control resuscita-
tion concepts is crucial to performing a suc-
cessful simultaneous vascular reconstruction. 
A vascular assessment should begin in the 
admitting area using a handheld continuous 
wave Doppler device. Do not rely on a pulse 
exam for a patient in hemorrhagic shock. A 
CT angiogram may be useful for cervical or 
truncal vascular injuries to plan the best 
approach but rarely necessary for the diagno-
sis of an extremity vascular injury. Prehospital 
tourniquets should be exchanged for a pneu-
matic type or better removed in the operating 
room if the patient is unstable or if additional 
hemorrhage is expected. Vascular repairs 
often require massive transfusion; therefore, 
temporary shunting with delayed repair should 
be considered at community surgical facilities 
[ 14 ]. A second surgical team can save time by 
placing external fi xation and performing 
saphenous vein harvests or fasciotomy. 
Finally, a saphenous vein interposition graft is 
durable when there is adequate muscle cover-
age; otherwise a longer bypass tunneled out of 
the zone of injury should be chosen to prevent 
desiccation or delayed rupture [ 40 ].     
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28.1            Introduction 

 The development of vascular repair and recon-
struction has been a major advancement in man-
aging patients with signifi cant trauma in civilian 
and military settings. Among such patients, 
 vascular injury is a leading cause of hemorrhage, 
end-organ ischemia, amputation, and death [ 1 – 4 ]. 
Prior to the modern era of cardiovascular surgery 
and vascular reconstruction, arterial injuries were 
treated with ligation with or without amputation. 
Although the knowledge and technical exper-
tise required to reconstruct vascular injuries are 
now available in most centers, this capability 
is not ubiquitous. Furthermore, certain clinical 
scenarios or care environments preclude perfor-
mance of formal vascular repair or reconstruction. 
In such instances, although there may be benefi t 
from restoration of vascular continuity, ligation 
of the vessel may be necessary. An alternative to 
 ligation and bridge to formal vascular reconstruc-
tion is use of a temporary vascular shunt. These 
 fl exible, cylindrical plastic tubes provide a quick 
and  technically basic means to restore fl ow across 
 certain patterns of vascular injury. Temporary 
 vascular shunts have proven to be an effective 
adjunct for more than half a century, and this 
chapter will review this history as well as their use 
in extremity and visceral vascular injury.  
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28.2     History 

 The development and use of temporary vascu-
lar shunts has been closely linked to advance-
ments of medical care provided on the battlefi eld. 
Prior to 1950, there were few options for vascu-
lar repair or reconstruction of disrupted blood 
vessels. As such, most axial extremity vascular 
injuries were ligated to control hemorrhage, and 
then depending upon the degree of ischemia, 
the extremity was either observed or amputated. 
This experience resulted in attempts to use hol-
low cylindrical tubes of various materials as a 
bridge to restore perfusion or fl ow beyond the 
arterial injury. Initially, these primitive shunts 
were not intended as temporary adjuncts, but as 
a permanent mode to bridge an area of vascular 
disruption. 

 One of the earliest accounts came in 1900, 
when Payr described the use of absorbable 
extraluminal magnesium rings. Soon after, a 
French surgeon Dr. Tuffi er created hollowed 
silver cylindrical tubes lined with paraffi n [ 5 ]. 
The ends of these tubes were placed within the 
lumen of each end of an injured vessel (proximal 
and distal) and secured with ligatures. Surgeons 
of this era realized the adverse consequences of 
prolonged extremity and end-organ ischemia, 
and these early devices were intended as a way to 
permanently restore perfusion across an injured 
or disrupted vessel. Payr and Tuffi er tubes were 
inventions of necessity and were applied on sev-
eral occasions in World War I as an alternative 
to vessel ligation and amputation [ 6 ]. Although 
these early forms of vascular shunts occluded 
over time, the hope was to maintain perfusion 
during a critical period around the time of injury 
and to spur the development of collateral circu-
lation which would mitigate the effect of limb 
ischemia. 

 Intravascular shunts underwent further refi ne-
ment during World War II. Two prominent sur-
geons, Arthur H. Blakemore and Jere W. Lord, 
explored several methods to repair injured blood 
vessels including intravascular vascular shunts 
[ 7 ]. One such device, the Vitallium (a metal com-
posed of cobalt, chromium, and molybdenum) 
tube was lined with a vein graft which extended 

beyond the end of the tube and secured to the 
external aspect with ligatures. Vitallium tubes 
were distributed to forward locations by the Offi ce 
of the Surgeon General and used in 40 docu-
mented cases. However, there were limitations to 
the Vitallium tubes including the amount of time 
required to place them as well as their propensity 
for them to cause intimal injury in the uninjured 
vessel. The most notable impediment to the use 
of these devices and other techniques for vascular 
repair was the prolonged nature of medical evacu-
ation from point of injury to surgical care. Prior 
to the routine use of rotary wing medical evacua-
tion in the 1950s, the average time between injury 
and care at a surgical hospital was between 12 and 
15 h, hindering nearly all advancements in vascu-
lar repair and limb salvage [ 8 ]. 

 With the broad use of rapid rotary wing medi-
cal evacuation, surgeons during the Korean War 
were provided with more opportunities to effec-
tively intervene on vascular injury. This paradigm 
shift in evacuation sparked a new era for vascular 
surgery. Franck Spencer, Carl Hughes, and others 
developed the technique of vascular reconstruc-
tion including primary repair and the use of inter-
position grafts. The initial successes in Korea were 
expanded upon by Norman Rich and others dur-
ing the Vietnam War. However, the broader use of 
temporary vascular shunts was not possible until 
advancements in the material sciences occurred, 
providing surgeons with an array of refi ned plas-
tics able to be used in cardiovascular surgery [ 9 ]. 

 Experienced gained in Vietnam led to a pro-
liferation of vascular reconstructive techniques 
in the latter half of the twentieth century which 
occurred simultaneous with an expansion in 
civilian cardiovascular surgery. Hushang Javid 
and TM Sundt Jr. were pioneers in this fi eld who 
developed temporary vascular shunts made out 
of plastic. In the case of Javid and Sundt, the 
shunts were designed to maintain cerebral per-
fusion during open carotid endarterectomy. The 
effectiveness of these devices along with a more 
mature plastics industry enabled vascular shunts 
to be mass produced and distributed to the civil-
ian sector. Although these initial plastic shunts 
were created to fi t the scenario of carotid endar-
terectomy, they soon became the  backbone for 
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shunt use in extremity vascular injury resulting 
from civilian trauma. 

 Although these innovations revolutionized 
the treatment of acute vascular injury, their 
value in the setting of trauma was not realized 
until a report by the Israeli surgeon Miklos Eger 
in 1971. Eger described the use of shunts con-
structed of polyethylene tubes as a damage con-
trol or temporizing measure to restore perfusion 
to an injured extremity in 36 cases from Negev 
Central Hospital in Beer-Sheeba [ 10 ]. The util-
ity of plastic shunts in the management of vas-
cular injury was confi rmed by Russian surgeons, 
including Brusov and Nikolenko, in Afghanistan 
from 1981 to 1985. It was in this experience that 
shunts were placed at forward surgical  locations 
and allowed to perfuse an injured extrem-
ity during evacuation to higher levels of care 
where shunts were removed and vascular repair 
 performed (2012, personal communications with 
Igor Samokhvalov, St. Petersburg, Russia). 

 Improvements in personal protective equip-
ment including body armor, use of tourniquets 
to control hemorrhage, and forward positioning 
of surgical teams have led to an increase in sur-
vival on the modern battlefi eld. Reports from the 
wars in Afghanistan and Iraq demonstrate that 
the rate of treatable vascular injury is fi ve times 
higher than reported in previous wars [ 11 ]. In 
other words, patients who may have succumbed 
to wounding in prior wars are now presenting to 
surgical facilities with extremity vascular injuries 
to be recorded and managed. As part of a compre-
hensive combat casualty care system, including 
damage control surgery, temporary shunts have 
become routine in the military setting. Although 
used in various operative scenarios in the recent 
wars, shunts have been most widely used at 
forward surgical units where they are placed in 
an expedited fashion in lieu of formal vascular 
reconstruction. Patients are then transported to a 
higher level of care with a viable, perfused limb 
where the shunt is removed and vascular recon-
struction performed. 

 Although the development and refi ned use of 
temporary vascular shunts has been closely linked 
to wartime extremity vascular injury, the civilian 
sector has benefi ted from this strategy as well. 

Feliciano and colleagues reported a decade’s use 
of temporary vascular shunts at Grady Memorial 
Hospital in Atlanta describing a variety of shunts 
and their effectiveness in different anatomic loca-
tions. The use of temporary shunts in mesenteric 
artery injuries is much less common, but it has 
been described as part of the practice of damage 
control surgery [ 12 ]. In these cases, just as in the 
extremity, the vascular shunt is placed in the 
injured artery to restore perfusion in an expedited 
fashion. This technique allows for perfusion of 
the intestine while attention is focused on other 
intra-abdominal injuries or patient physiology. 
As an indication of how uncommon shunting of 
mesenteric vessels is, Feliciano described only 
two mesenteric artery shunts in 10 years at Grady 
Memorial Hospital [ 13 ].  

28.3     Indications for Temporary 
Vascular Shunts 

 Duration of extremity ischemia has been recog-
nized as a detrimental factor in limb salvage for 
over a century. However, traditional teaching was 
that 6–8 h was tolerable without signifi cantly hin-
dering one’s ability to repair the vascular injury 
and save the limb [ 10 ,  14 ,  15 ]. Translational 
research stemming from wartime experience in 
Afghanistan and Iraq has been aimed at improv-
ing functional and not just statistical limb sal-
vage. The results of these investigations have 
drawn into question any casual approach to 
extremity vascular injury with ischemia. Findings 
from a series of studies have shown a measurable 
benefi t in early compared to delayed extremity 
reperfusion, including earlier reestablishment of 
perfusion with a temporary vascular shunt. These 
studies have demonstrated improvement in 
 circulatory markers of ischemia as well as func-
tional and histological measures of neuromuscu-
lar recovery when limb ischemia is limited to or 
less than 3 h [ 16 ,  17 ]. 

 Recent clinical studies from the wars demon-
strate that temporary vascular shunts are most 
effective in larger, proximal extremity vascular 
injuries such those of the axillary and brachial 
vessels of the upper and the femoral and popliteal 

28 Utilization of Shunting



358

vessels of the lower extremity. While the effec-
tive use of shunts in smaller, more distal extrem-
ity vessels (forearm and tibial levels) has been 
reported, shunts in these locations have reduced 
patency. Recommendations, including those 
from the military’s Joint Trauma System, are that 
vascular shunts be used primarily in larger more 
proximal extremity artery and vein injuries in 
four often overlapping scenarios [ 15 ,  18 ,  19 ]:
    1.    To limit ischemia during instances of vascular 

repair at one treatment facility   
   2.    To limit ischemia during transport between 

different levels of treatment facilities   
   3.    To limit ischemia while resuscitation from 

physiological derangement is performed   
   4.    To limit ischemia during reconstruction of 

fractures or reimplantation of severed limb    
  In context of the fi rst recommendation, vascu-

lar shunts should be considered to restore perfu-
sion or decompress venous outfl ow during cases 
of isolated extremity vascular injury. In these 
cases, shunts may be placed quickly to restore 
extremity fl ow, allowing ample time for vein 
harvest or preparation of injury site. In nearly 
all cases of concomitant orthopedic injury, the 
 vascular injury should be explored and shunted 

prior to fi xation and stabilization of the fracture. 
Using longer vascular shunts in this scenario 
allows for more rapid reperfusion of the limb and 
makes dislodgment of the shunt during fracture 
reduction unlikely (Fig.  28.1 ). In these cases, the 
vascular shunt will have reduced extremity isch-
emia time while any number of other procedures 
was performed and may be removed just prior to 
formal vascular reconstruction.

   The wars in Afghanistan and Iraq demon-
strated the military’s ability to manage complex 
extremity vascular injuries in austere environ-
ments including those of the Forward Surgical 
Team (FST). In this setting, temporary vascular 
shunts were found to be useful in lieu of pro-
longed extremity ischemia associated with con-
tinued tourniquet application or vessel ligation. 
Vascular shunts were found to be an effective tool 
to restore extremity fl ow (arterial and venous) 
upon exploration and control of vascular injuries 
at these more remote locations. In these scenarios, 
shunts were secured in the vessel(s), the wound 
partially closed, and the patient evacuated to a 
higher level of care typically within 45–90 min 
(Fig.  28.2 ). At these higher levels or echelons 
of care, the patient arrived with a  perfused limb 

  Fig. 28.1    Operative 
exposure of the right popliteal 
artery shunted with a long 
external (or looped) Sundt ©  
vascular shunt in the presence 
of concomitant orthopedic 
injury (not visualized)       
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and the vascular shunt was removed and vascu-
lar reconstruction performed [ 20 ,  21 ]. This same 
sequence may also be effective in the civilian set-
ting where temporary vascular shunts should be 
considered by less experienced surgeons or those 
at more rural hospitals. In these instances, a vas-
cular shunt should be placed and secured upon 
exploration of the vascular injury and the patient 
evacuated to a larger hospital with expertise in 
vascular reconstruction.

   The third indication for a temporary vascular 
shunt is in the setting of a patient with extrem-
ity vascular injury and other life-threatening 
injuries and/or severely compromised physiol-
ogy. In these instances, the vascular shunt is 
applicable as part of an overall damage control 
resuscitation strategy allowing for extremity 

perfusion and reduction of ischemic burden 
while the patient is resuscitated or other life-
threatening injuries are managed. Depending 
upon the injury scenario, the temporary vascu-
lar shunt may be placed prior to or concomitant 
with laparotomy, thoracotomy, craniotomy, or 
other procedure. The shunt may remain in place 
for 12–24 h while the patient is resuscitated and 
vascular repair can be considered. In rare multi-
ple casualty scenarios which outstrip operating 
capacity, vascular shunts have been used as an 
expeditious way to restore extremity perfusion 
and clear an operating table. In such cases the 
patient is monitored in the intensive care unit 
until additional operating room space becomes 
available and the shunt can be removed in favor 
of vascular reconstruction. 

a

b

  Fig. 28.2    ( a ) After 
sustaining a penetrating 
injury to the left thigh, a 
patient was initially treated 
with arterial and venous 
shunting as indicated on the 
dressing ( circled ). 
Additionally, tourniquets 
( arrows ) were loosely applied 
and available in the case of 
shunt dislodgement. 
( b ) Operative exposure of the 
same patient demonstrating 
in-line vascular shunts in the 
femoral artery and vein 
secured with silk sutures and 
a silastic loop       
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 Finally, vascular shunts are indicated in sce-
narios of mangled extremity with ischemia or in 
cases of an extremity amputation in which reim-
plantation is attempted. As stated previously, 
vascular injury exploration and shunt placement 
should take priority in these scenarios to reduce 
the neuromuscular ischemic time. Once vascular 
fl ow is reestablished, then the associated extrem-
ity fracture or amputation can be carefully sta-
bilized. In these and other scenarios, vascular 
shunts are often useful in the extremity vein as 
well as the artery.  

28.4     Timing: When to Apply 
and for How Long 

 Shunts should be considered at the time of vascu-
lar injury exploration. Once in place shunts have 
remained patent without systemic anticoagula-
tion for as long as 52 h. However, experience 
shows that most shunts are in place for 4–6 h and 
that the risk of shunt-related complications such 
as thrombosis or thromboemboli increases after 
12 h [ 22 ]. Shunts which are used in larger vessels 
(axillary-brachial and femoral-popliteal) have a 
greater patency than those placed in small, distal 
vessels (forearm and tibial). In most instances 
patency of large proximal vascular shunts is 
maintained without systemic anticoagulation, 
which is often contraindicated in trauma. Even in 
cases where anticoagulation is not possible, local 
and regional heparinized saline (1,000–10,000 
units/l) should be used to reduce platelet aggrega-
tion and thrombus formation at the time of shunt 
placement. It is the authors’ observation that a 
low level of systemic anticoagulation is neces-
sary to maintain patency in a shunt used in small, 
distal arteries. Experience from the war in Iraq 
showed that despite a higher rate of thrombosis, 
use of shunts in distal arteries did not detract 
from overall limb salvage.  

28.5     Technical Considerations 

 Use of a temporary shunt begins with exposure 
and control of the vascular injury. In the extremity 
this may be facilitated with the use of tourniquets 

in order to temporarily control hemorrhage. If 
there is no bleeding from a wound, the tourniquet 
may not be necessary and control can be gained by 
operative exposure at or just proximal to the site 
of injury. Control of mesenteric vascular injuries 
can usually be obtained at or just proximal to the 
site of hemorrhage although control of the aorta 
above the celiac artery may be necessary. Once 
broad control of bleeding and the injury site is 
obtained, the exact site of the disrupted vessel(s) 
should be exposed. Dissection of the proximal 
and distal aspects of the injured vessel(s) is per-
formed, and these segments are gently encircled 
with silastic vessel loops. One can next determine 
the extent of the injury which may range from a 
contusion with varying degrees of occlusion to 
transection of the vessel. At this stage in the oper-
ation, the surgeon must determine his or her mode 
of management: ligation, placement of a shunt, 
or vascular reconstruction. As previously noted, 
this decision depends on several factors including 
anatomic location of the vascular injury, physio-
logical status of the patient, the experience of the 
surgeon, and the capacity of the medical facility 
in which the operation is taking place. 

 Before placing the vascular shunt, the open 
edges of the injured segment must be exposed 
and fl ow established using a combination of 
Fogarty thromboembolectomy catheters and 
fl ushes of heparinized saline. These steps estab-
lish proper infl ow and outfl ow of the injured seg-
ment, and failure to do so equates to placing the 
shunt in an occluded vascular segment with no 
perfusion. At the least, the proximal infl ow vessel 
must be opened, allowing brisk bleeding and 
fl ushing of platelet aggregate or thrombus. 
Regional heparinized saline should also be 
fl ushed in the injured vascular segment including 
the infl ow and outfl ow using a soft plastic cathe-
ter or a metallic infusion instrument such as a St. 
Mark’s injection tip. If there are no serious con-
comitant injuries, systemic anticoagulation 
should considered at this point as well. 

 Once the edges of the vascular segment have 
been debrided such that there is space to place the 
shunt, the distal end should be inserted and 
allowed to bleed in a retrograde fashion (i.e., 
“back bleed”). When grasping the shunt for posi-
tioning and insertion, it is important not to grasp 
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too aggressively or to crimp the shunt. While 
most shunts are robust and resist impingement on 
their inner lumen, some have a wire lining which 
can be deformed with too aggressive of handling. 
Crushing or crimping of the internal lumen will 
result in restriction of fl ow and early thrombosis 
or occlusion. The depth of insertion will depend 
upon the length of the shunt as well as the length 
of the vascular defect. 

 Once the distal end of the shunt is placed, the 
proximal aspect of the vascular injury should be 
allowed to fl ush (i.e., “fore bleeding”), clearing 
any elements of platelet debris or thrombus. The 
proximal end of the shunt is then placed into 
this segment and perfusion established. Gentle 
release and then retraction of the silastic ves-
sel loops at the proximal and distal aspects of 
the vascular injury are helpful in placement and 
securing of the device. If the vessel has con-
tracted and the lumen signifi cantly reduced in 
size, insertion can be facilitated by use of a small 
right-angled dissecting device inserted into this 
lumen and opened to spread or gently dilate the 
intended insertion site. Although the shunt should 
not be inserted any deeper than is necessary to 
secure it into a true luminal position, the impor-
tant point is to make this step as easy and fl uid 
as possible. Because the short, in-line shunts are 
not designed to loop, they often require deeper 
insertion in order to easily position the opposite 
end. In contrast, the longer, looped shunts tend 
to be more fl exible and accommodating of very 
minimal insertion depth. Once the shunt is in the 
desired location and fl ow confi rmed with contin-
uous wave Doppler, it can be secured using silk 
ties around the edges of the vessel in which it is 
inserted.  

28.6     Types of Shunts 

 Shunts used for vascular injury today were orig-
inally designed to provide cerebral perfusion 
during carotid endarterectomy and include 
(among others) the Sundt © , Javid © , Pruitt-
Inahara © , and Argyle © . These devices have vary-
ing inner diameters ranging from 1.9 to 5.7 mm 
and fall into two categories including the short 
“in-line” and the long “external” or “looped” 
shunts (Table  28.1 ). The Sundt ©  shunt (Fig.  28.3 ) 
is a silicone elastomer reinforced with a spiral 
stainless steel wire within the wall to prevent 
kinking. The Sundt ©  has atraumatic bulb-tipped 
insertion ends and comes in a short (10 cm) in-
line and a long (30 cm) external or looped 
design. The Javid ©  (Fig.  28.4 ) is a long, external 
shunt composed of a polished polymer and 
tapered ends to allow atraumatic insertion. The 
Pruitt-Inahara ©  (Fig.  28.5 ) is a long, external 
shunt made out of polyvinyl chloride and 
secured inside the vessel lumen by infl atable 
balloons on the proximal and distal ends. The 
Pruitt-Inahara ©  also has a side port that may be 
used for transducing blood pressure or infusing 
therapeutics. The Argyle ©  (Figs.  28.6  and  28.7 ) 
is a polyvinyl chloride in- line shunt available in 
15 or 28 cm lengths. Each container of Argyle ©  
shunts contains 8, 10, 12, and 14 Fr diameters. 
These shunts have all performed equally well 
with regard to insertion and patency in the mili-
tary and civilian settings over the past decade. 
The choice of shunt may be left to the surgeon, 
but any of these commercially manufactured 
devices are preferred over improvised devices 
such as chest tubes, nasogastric tubes, or even 
intravenous tubing [ 23 ].

   Table 28.1    Summary of commonly available temporary vascular shunts   

 Shunt model  Manufacturer  Style  Proximal diameter  Distal diameter  Length (cm) 

 Sundt ©   Integra LifeSciences  In-line or looped  2.1–3.1 mm a   1.3–2.2 mm a   10, 30 
 3.9–5 mm  2.7–4 mm 

 Javid ©   Bard Peripheral 
Vascular 

 Looped  17 Fr  10 Fr  27.5 

 Pruitt-Inahara ©   LeMaitre Vascular  Looped  8–10 Fr  8–10 Fr  31 
 Argyle ©   Bard Peripheral 

Vascular 
 In-line  8–14 Fr  8–14 Fr  15, 28 

   Fr  French scale 
  a Denotes inner diameter, all other diameters refl ect outer diameters  
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28.7             Vascular Shunting of Visceral 
Vascular Injury 

 Operative steps performed as part of damage 
control surgery have led to improved survival 
of patients sustaining severe abdominal trauma 
including mesenteric vascular injury. Although 
less common than extremity vascular injury, 
mesenteric injuries may also be amenable to the 

use of temporary shunts as part of this damage 
 control approach. The rationale behind using these 
adjuncts in the abdomen is similar to that in the 
extremity as are the basic steps to vascular injury 
control, preparation, and shunt insertion. The same 
types of shunts used in the extremity vessels may 
be used in the mesentery, and like the extremity, 
low levels of anticoagulation should be considered 
if not contraindicated because of associated injury. 

a

b

  Fig. 28.3    The Sundt ©  
vascular shunt 
(Integra LifeSciences) is a 
silicone elastomer tube 
reinforced with a spiral 
stainless steel wire within the 
wall to prevent kinking. The 
ends are bulb tipped and 
designed to be atraumatic to 
ease insertion. It is available 
as a short ( a ), 10 cm, in-line 
and a long ( b ), 30 cm, 
external or looped design. 
Proximal internal luminal 
diameters range from 2.1 to 
3.1 mm with distal internal 
diameters of 1.3–2.2 mm. 
An optional 1 cm portion of 
non-reinforcement ( arrow ) is 
available to permit clamping 
of the shunt       

  Fig. 28.4    The Javid ©  
(Bard Peripheral Vascular) 
is a long (27.5 cm), external 
or looped shunt composed 
of a polished polymer and 
tapered ends to allow 
atraumatic insertion. The 
external diameter tapers from 
17 Fr at the proximal end to 
10 Fr at the distal end       
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 At least one recent translational large animal 
study has confi rmed the feasibility and effective-
ness of mesenteric artery shunting, and clinical 
case reports of this maneuver exist in the litera-
ture. Reilly and colleagues [ 12 ] described use of 
a vascular shunt to maintain midgut perfusion 
through a superior mesenteric artery injury in a 
patient having sustained a gunshot to the abdo-
men. In this case the shunt was placed as a tem-
porizing measure to perfuse the intestine while 
the patient’s coagulopathy and physiological 
derangements were corrected. With expanded 
use of damage control surgery and an increasing 
acceptance of temporary shunts for use in the 
setting of extremity vascular injury, it is likely 

that these adjuncts will continue to be an effec-
tive tool in select cases of mesenteric vascular 
trauma.  

28.8     Shunt-Related Complications 

 The most common shunt-related complications are 
thrombosis and distal embolization. Thrombosis 
or occlusion is the more common of these compli-
cations and occurs more frequently when shunts 
have been placed in small, distal extremity ves-
sels such as the tibial or forearm arteries [ 18 ,  24 ]. 
Shunt thrombosis is also prone to occur if one 
has not adequately cleared  preexisting clot from 

  Fig. 28.5    The Pruitt-Inahara ©  
(LeMaitre Vascular) is a long 
(31 cm), external shunt made 
out of polyvinyl chloride and 
secured inside the vessel 
lumen by infl atable balloons 
( black arrows ) on the 
proximal and distal ends. 
The Pruitt- Inahara  ©  also has a 
side port ( red arrow ) that may 
be used for transducing blood 
pressure or infusing 
therapeutics       

a

b

  Fig. 28.6    The Argyle ©  
(Bard Peripheral Vascular) 
is a 10 cm ( a ) or 28 cm ( b ), 
polyvinyl chloride, in-line 
shunt available in 8, 10, 12, 
and 14 Fr diameters. A linear 
radiopaque line ( arrow ) is 
embedded within the wall of 
the shunt to aid in 
 visualization on radiographs       
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the infl ow and outfl ow vessels or if the shunt’s 
internal lumen has been crimped by aggressive 
handling. Finally the risk of occlusion is directly 
related to dwell time and increases signifi cantly 
beyond 8–12 h. While research has shown shunts 
to remain patent in animal models for as long as 
24 h without systemic anticoagulation, it is the 
authors’ experience that dwell times greater than 
8–12 h are associated with high rates of throm-
bosis. In scenarios requiring extreme shunting 
or dwell times of greater than 12 h, one should 
attempt to provide low levels of systemic antico-
agulation to reduce these risks. 

 Interestingly when shunts do occlude, they 
appear to do so without distal embolization. 
While this observation is not uniform, it is rare 
that temporary vascular shunts lead to clini-
cally signifi cant distal thromboembolism. As an 
example the higher rate of thrombosis in small 
or distal arteries during the Iraq experience did 
not negatively impact the ability to complete 
vascular reconstruction or to salvage the limb. 
In most cases of thrombosis, the shunt is simply 
removed, thrombectomy performed, and vascular 
reconstruction accomplished as would have been 
required at the time of initial exploration. 

 Although a potentially serious complication, 
dislodgement of the temporary vascular shunt is 
extremely rare in the military or civilian experi-
ence. Even with the military’s extensive medical 
evacuation experience, shunts appear to be stable 
once secured with appropriate maneuvers. Rare 
cases of dislodgment have been due to inadequate 
securing of the devise or the shunt having become 
entangled in the wound closure or dressing mate-
rial. Because this complication could result in 
signifi cant and even life-threatening hemorrhage, 
the military recommends placing a loose tourni-
quet on the extremity proximal to the shunt loca-
tion in case it were to become dislodged. 

 The effect of shunts on the endothelium of the 
native vessel at the time of insertion and perfu-
sion is an area of investigation. Ding et al. [ 25 ] 
studied the effects of shunts in a porcine model 
of superior mesenteric artery injury and found 
that irreversible damage occurred to the endo-
thelium in contact with the device starting at 9 h 
of dwell time. These fi ndings support efforts to 
minimize dwell time to only that which is neces-
sary. Furthermore, this study suggests that once 
a shunt is removed, that an amount of vessel 
which has been in contact with the shunt should 

  Fig. 28.7    Operative exposure 
demonstrating an injury to the 
left iliac artery with an 
Argyle ©  vascular shunt 
secured with silk sutures and 
vessel loops       
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be debrided prior to vascular reconstruction. 
Importantly, emerging outcomes data on war-
time extremity vascular injury suggests that there 
are no mid- or long-term sequelae of shunt use. 
Gifford and colleagues have reported that after 
24 months of follow-up, those patients who had 
shunts used in the management of their injury 
had better freedom from amputation than those 
that did not [ 26 ]. This observation was especially 
pronounced in those with high mangled extrem-
ity severity scores and suggests these devices 
do not lead to clinically signifi cant myointimal 
hyperplasia or stenosis.  

28.9     Summary and Future 
Directions 

 Recognition of the need to improve quality 
and not just statistical limb salvage following 
extremity vascular injury has led to a broader 
acceptance and use of temporary vascular 
shunts. Specifi cally the burden of injury from 
the war and resulting translational research has 
shown benefi t from more expedited reperfusion 
of injured limbs with an ischemic component. 
As such the future of this adjunct appears to be 
bright and will likely include the development 
of trauma-specifi c vascular injury shunts able to 
be recognized and used routinely by general and 
acute care surgeons for both extremity and mes-
enteric injuries. Shunts of the future may have 
larger internal diameters better suited to perfuse 
a limb and include infusion ports to allow for 
delivery of therapeutics able to mitigate ischemic 
injury [ 27 ]. Trauma-specifi c shunts with a side-
port lumen may also allow for performance of 
arteriography and infusion of an anticoagulant to 
prevent shunt thrombosis or thromboembolism. 
In this context scenarios of extended shunt dwell 
times could be envisioned, allowing for stabiliza-
tion of contaminated soft tissue wounds prior to 
shunt removal and vascular reconstruction. Just 
as temporary intraluminal devices for vascular 
trauma evolved a century ago, it is quite likely 
that innovation in their design, delivery, and 
clinical use will continue to expand in near and 
midterm.     
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